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ABSTRACT 
 
Nanostructured materials have received a tremendous amount of attention because of their 
novel properties, which are remarkably different from those of the bulk. These materials include 
nanoparticles, atomic clusters, nanocomposites, and multilayer films, all of which can 
demonstrate quantum confinement effects and size tunable properties. While great strides have 
been made in the synthesis of novel nanomaterials, the goal of obtaining monodisperse products 
remains a challenge. This thesis seeks to demonstrate two diverse methods for controlling and 
organizing the sizes of nanostructured materials.   
The first project is the development of aqueous and organic solvent compatible asymmetric 
flow field-flow fractionation (AsFlFFF) for the separation and purification of passivated silicon 
quantum dots (Si QDs). Polydisperse as-synthesized allylamine-, dodecene-, and pyrenebutanol-
terminated Si QDs were separated into narrower size distribution subpopulations. Fractions of 
dodecene-Si QDs, which were collected at the channel outlet, were further characterized using 
transmission electron microscopy (TEM) and were confirmed to have significantly reduced 
dispersities, e.g., 3.8 ± 0.67 nm, 5.3 ± 0.78 nm, and 6.3 ± 0.82 nm, compared to the 3-16 nm 
present in the unfractionated sample. An additional complication presents itself when using these 
fractions in subsequent studies because of the presence of excess reactants used in the passive 
reaction. This was the case for pyrenebutanol whose photoluminescence spectrum is similar 
whether it is covalently bonded to the Si QDs or present as unattached ligands in solution. 
AsFlFFF’s ability for on-line removal of excess pyrenebutanol as part of the separation process 
was demonstrated. This work represents the first use of AsFlFFF for separating Si QDs and the 
first application of an organic solvent compatible system for isolating nanoparticles.   
 The results of separating allylamine-terminated Si QDs using aqueous AsFlFFF was also 
demonstrated with subpopulations that had average diameters of 4.3 nm, 7.2 nm, 9.8 nm, and 21 
nm. In this case, the as-synthesized QDs had an initial size range of 3.8 - 300 nm with large 
aggregates present. Here, the advantage of an externally applied field that can be turned off was 
demonstrated by turning of the cross-flow to allow undesired large Si NPs to rapidly elute from 
the channel and thus shorten the overall separation time. The ability to readily collect separated 
subpopulations, the possibility to monitor the onset of aggregation, the high sample recovery, 
and the on-line removal of excess reagents and other small molecules make AsFlFFF highly 
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attractive for separating and purifying passivated Si QDs and other nanomaterials in aqueous and 
organic solvents. 
The second project addresses nanostructured thin films. Self-assembly is a bridge for 
connecting micro and macro worlds by making ordered arrays of nanomaterials. 
Electrochemically assisted self-assembly (EASA) was used to synthesize a nanoporous silica 
thin film on nontraditional conductive substrates. Grazing-incidence small angle X-ray scattering 
(GISAXS) and transmission electron microscopy (TEM) provide evidence that these nanopores 
were highly ordered, ~ 3nm, and aligned perpendicular to the substrate surface. The use of a 
sacrificial conductive polymer, PEDOT:PSS provided a novel approach to synthesizing these 
films on nonconductive surfaces and to obtaining free standing nanoporous films that can be 
transferred to different substrates. The tunable pore size and controllable thickness of this silica 
thin film make it a good candidate for use as a template for synthesizing ordered 
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When the sizes of materials are reduced to the nanometer scale, their large surface area to 
volume ratio and quantum confinement effects can lead to dramatically different physical, 
chemical, and electronic properties in comparison to bulk material of the same composition. 
With feature sizes of 1-100 nm, the current applications of nanomaterials are enormous, from 
industry to biomedicine and even daily life. Semiconductor nanomaterials are one member of 
this family, which is actively studied because of the way size can lead to unique novel properties. 
A typical example is their size tunable luminescence wavelength which arises from quantum 
confinement.1,2 The unique properties of semiconductor nanomaterials lead to potential 
applications in many fields, e.g. optoelectronics and photovoltaics, photocatalysis, and 
biomedicine. 
Optoelectronic and photovoltaic devices constructed using semiconductor nanomaterials 
include high-brightness light-emitting diodes3-6, high-efficiency solar cells7-12, high-mobility 
transistors13-16, and high-sensitivity optoelectronic sensors17,18. The colors and brightness of light-
emitting diodes (LEDs) depend on their electroluminescence energy and efficiency, both of 
which are closely related to the size tunable bandgaps of semiconductor nanomaterials. For solar 
cells, nanostructure size can be used to optimize basic properties like bandgap and absorption 
coefficient.  Nanostructures are also amenable to low cost manufacturing through solution 
processing.  Quantum confinement offers the potential for even more dramatic improvements in 
performance.  For example, multiple exciton generation (MEG) is proposed as a mechanism19 to 
dramatically increase the energy conversion efficiency of solar cells.  While this effect is weak in 
bulk materials, it is predicted to be strongly enhanced in quantum confined semiconductor 
systems.19 To realize the potential of semiconductor nanostructures in these applications, 
however, requires the ability to precisely determine and control sizes and size distribution. 
The special lattice structures, tunable bandgaps, and surface properties of semiconductor 
nanomaterials result in stronger catalytic capability and higher selectivity than traditional 
catalysts. Hence, they are potentially useful photocatalytic materials in the chemical industry. 
The surface to volume ratio of nanoparticles increases with decreasing diameter, which also 
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leads to an increase in their adsorption and catalytic ability. These enhanced properties make the 
nanocatalysts not only capable of controlling and increasing the reaction rate, but also capable of 
initiating reactions which cannot be performed by traditional catalysts.  Water splitting 
photocatalysts20,21 dissociate water into hydrogen (H2) and oxygen (O2) directly using either 
artificial or natural light. Theoretically, this water splitting process only needs water, sunlight, 
and a photocatalyst with a bandgap >1.23 V. Photocatalytic water splitting is desirable because it 
does not produce any greenhouse gases or have any adverse effects on the atmosphere. In 
photoelectrochemical cells (PECs)22,23, electrical energy is generated by semiconductor 
electrodes exposed to electromagnetic radiation. PECs differ from photovoltaics in that the 
semiconductor materials act as photocatalysts and as electrodes of the hydrogen-oxygen fuel 
cells. Due to the quantum confinement effect, semiconductor nanomaterials with size-tunable 
bandgaps are good photocatalysts with selectivity in photo-decomposition, selective reduction 
and oxidation.24,25 Take the size-based selectivity of photocatalysts as an example: 1-2 nm Si 
QDs can be used as a photocatalyst for the photoreduction of carbon dioxide and 
photodecomposition of methyl red24, while 3-4 nm Si QDs can be used in the highly selective 
visible light driven hydroxylation of benzene to produce phenol24. 
The wide applications of surface modified semiconductor nanomaterials with 
biocompatibility in biomedical areas have prompted the rapid development of biomedicine in the 
last decade.26 The medical applications of semiconductor nanomaterials include immunocomplex 
analysis27,28, cell sorting and tracing29,30, in vivo imaging and diagnostics31,32, drug delivery33, 
nanoelectronic biosensors34, and even the possible future molecular nanotechnology. The 
sensitivity of medical diagnostics is based on the high quantum yield of photoluminescence or 
fluorescence, which is size dependent. The nanoparticles’ biodegradability and toxicity35 in the 
human body and the environment are also closely related to their sizes. 
Size dependent quantum confinement describes how the electronic and optical properties 
change when the sampled material is sufficiently small – typically 10 nanometers or less. This 
critical size limit is measured by the exciton Bohr radius, which is the average distance between 
an electron and a hole in an exciton of a semiconductor. For groups IV-VI semiconductors, the 
exciton Bohr radius is large, e.g., 47 nm for PbSe and 150 nm for PbTe36 Group IV 
semiconductors have smaller exciton Bohr radii, e.g. germanium is ~ 18 nm, and silicon is ~ 4.7 
nm37.38. To observe a quantum confinement effect, the radius of silicon nanocrystals must be 
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smaller than 5 nm. The preparation of monodisperse silicon quantum dots and the production of 
quantum confined silicon nanorods and nanowires, are still challenges for scientists. 
Investigating and developing nanostructured semiconductor-based technologies with specific 
functions are long-term research goals that can be reached by controlling the sizes and size 
distributions of semiconductor nanomaterials in the synthesis or post-synthesis processes. This 
dissertation takes the latter approach and explores the use of field-flow fractionation (FFF) to 
isolate narrower size distributions of silicon nanoparticles. As explained in Chapter 2.6, FFF is a 
family of techniques that was developed to separate nanoparticles to tens of micrometer-sized 
particles. The principal objectives of this thesis are to test the hypothesis that: 
1. Asymmetric flow FFF (AF4) can be used to separate dodecyl-terminated silicon quantum 
dots into subpopulations with much narrower size distributions. 
2. Single allylamine-terminated silicon quantum dots can be separated from the 
agglomerations. 






















This chapter describes quantum confinement of nanomaterials and supplies background 
information on the synthesis and characterization of quantum-confined nanostructures, 
specifically silicon. 
 
2.1 Quantum confinement 
Size can have a significant impact on nanomaterials’ electronic properties (the organization 
of energy levels) and optical properties (color, luminescence, etc.). When the nanomaterial is 
sufficiently small, typically 10 nanometers or less39, the critical size regime for observing 
quantum effects is defined by the exciton Bohr radius which is described as the average distance 
between an electron and a hole in an exciton of a semiconductor.40 When the size of a 
semiconductor crystal is smaller than the Bohr radius, the exciton becomes more tightly confined 
by the crystal volume than would occur naturally in a bulk crystal of the same material.  This 
squeezing of the wavefunction in the nanopotential well increases the effective HOMO LUMO 
gap while also affecting the exciton binding energy.  Quantum confinement causes the electronic 
and optical properties of nanocrystals to deviate substantially from those of bulk materials. 
Semiconductor nanocrystals that are smaller than the exciton Bohr radius in all three 
dimensions are called quantum dots (QDs). When the QD diameters are on the order of the 
exciton Bohr radius, they are considered to be in the ‘weak confinement regime’; when the QD 
diameters are much smaller than the exciton Bohr radius, they are in the ‘strong confinement 
regime’. If the sizes of the quantum dots are small enough that the quantum confinement effects 
dominate (typically <10 nm), their electronic, optical and electric properties are highly tunable, 
i.e., their bandgaps are size dependent (Figure 2.1).41 
These definitions of quantum confinement can be explained qualitatively by considering the 
wave function (Equation 1) and the energy level (Equation 2) for a single particle confined in a 
box. They indicate how the energy levels are affected by confinement size.42 The abbreviations, 
Lx, Ly, and Lz represent the length of the box sides in the x, y and z directions. nx, ny,, and nz are 
the quantum numbers for an eigenstate, m is the mass,  and ħ is the reduced Planck constant. 
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Figure 2.1 Quantum confinement leads to the splitting of energy levels in quantum dots and 
observed increase in semiconductor band gap (the HOMO LUMO gap) as the size of the 




When Lx = Ly = Lz ≤ 2rb (rb, Bohr radius), this semiconductor nanocrystal is called a quantum 
dot; when Lx = Ly ≤ 2rb << Lz, it is referred to as quantum wire; when Lx ≤ 2rb << Ly = Lz, it is 
called a quantum film or quantum well. A quantum rod is a special case with Lx = Ly and 1 < 
Lz/Lx <10. If its aspect ratio Lz/Lx is large enough, e.g. >10, its properties are close to a quantum 
wire; while if the aspect ratio is close to 1, it is closer to a quantum dot, see Fig 2.2A. In the 
world of semiconducting nanocrystals, “Size matters, but so does shape”, which was first 
predicted by Buhro in 2003.43 The experimental data also indicate that the shape of a 
semiconductor nanocrystal can affect its electronic and optical properties as well as the size. 44,45 
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Figure 2.2 Geometries of different quantum confined structures (A); plots of bandgap vs 





Different energy levels were displayed in Equation 2. However, once the nanocrystals are 
excited, coulomb interaction between electrons and holes is considered. After considering both 
conduction and valence band confinement and the coulomb interaction, the bandgap of a 







                                                                        (3) 
Here, µ represents reduced mass of exciton; R, particle radius; h, Planck’s constant; and ε, 
dielectric constant of the medium. 
Figure 2.2B shows that quantum confinement is strongly correlated with decreasing size. It is 
also clear that the band gaps increase as dimensionality is reduced from quantum films to 
quantum wires and quantum dots composed of the same material and with the same minimum 
dimension. 
To get better quantum confinement, we demonstrated two diverse methods for controlling 
and organizing sizes of nanostructures materials in this thesis. 
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2.2 Silicon quantum dots synthesis using plasma enhanced chemical vapor deposition 
(PECVD) 
Chemical vapor deposition (CVD) is a group of processes, which involve producing high-
purity, high performance, and almost defect-free solid materials with systematically tunable 
properties from a gas phase precursor.46 In CVD processes, the precursor gases, which are often 
diluted in carrier gases, are delivered into an evacuated reaction chamber at certain pressure and 
react or decompose to form a solid phase upon passing through or coming into contact with 
heated substrates/chamber. 
All CVD apparatus include several common basic components: (1) gas delivery system, 
which supplies precursors to the reactor chamber; (2) reactor chamber, where deposition reaction 
takes place; (3) substrate loading/off loading gate; (4) energy source; (5) vacuum system; (6) 
exhaust and treatment system; and (7) process control panel.46 The general CVD equipment set 
up is shown in Figure 2.3. 
 
 
Figure 2.3 General CVD equipment setup:  1 and 2, the flow rate control of precursor gas and 
carrier gas; 3, temperature control of reactor chamber; 4, heating control; 5, pressure/vacuum 




In the thesis, argon plasma replaced the heating in CVD-the reactor chamber in Figure 2.4 
replaced the one in Figure 2.3. Plasma is generated using high frequency electrical energy. This 
plasma enhanced chemical vapor deposition (PECVD) can reduce the deposition temperature 
from 1000 oC47 to 400 oC 48. Silicon nanocrystals growth through using PECVD was developed 
by Kortshagen.49 The schematic of the reactor chamber setup is shown in Figure 2.4. 
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Si QDs were synthesized using either a non-thermal plasma enhanced chemical vapor 
deposition (PECVD) reactor.49 The plasma was generated in a quartz tube (9.5 mm outer 
diameter and 6.0 mm inner diameter) surrounded by two copper ring electrodes and powered by 
a radio frequency (rf) generator (13.56 MHz). The space between the electrodes was 5 mm, with 
the powered electrode closer to the downstream end of the tube at a distance of 25 mm from the 
stainless steel quick connect fitting. For the silicon precursor, a pre-mixed bottle of SiH4:Ar was 
used at a SiH4 concentration of 0.45%. The chamber pressure, which is also the pressure in the 
quartz tube, was held at 2 Torr for 3-4 nm Si QDs and 6 Torr for 7-8 nm Si QDs. The RF power 
to the plasma source was set at 80 W to obtain crystalline Si QDs for both pressures51. For the 
collection of the Si QDs, a stainless steel mesh was placed across the entire entrance of the 
throttle valve, which typically led to a collection of ~20 mg/hr of Si QDs. 
 
2.3 Photoluminescence (PL) 
Photoluminescence is a common technique to detect quantum confinement and nanocrystals’ 
size changes. In the thesis, photoluminescence was used to characterize the Si QDs with different 
sizes. A brief introductory about how PL works and how PL equipment is set up will be 
discussed here. 
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In photoluminescence (PL) processes, the absorbed photons excite charge carriers from a 
valence band or impurity state into a higher energy state or band of a material; the recombination 
of these charge carriers can result in light emission.52 Spectral analysis of this emission gives 
important information about the material.  With quantum dots, smaller dots have a larger band 
gap, hence the emission energy shifts with dot size. 
Photoluminescence is generally produced by using an excitation wavelength with an energy 
well above the band gap of the semiconductor. This can be in the range of 250 nm-1 µm, which 
includes near-ultraviolet, visible, and near-infrared electromagnetic radiation.52,53 
Photoluminescence can be used for qualitative and quantitative spectroscopic analyses. It is 
widely employed in the semiconductor and materials development industries to probe band gaps 
and offsets53, characterize lattices (composition and crystallinity)54,55, measure microstructures 
(surface and inter-surface behavior)56, and analyze/detect impurities or defects (concentration, 
presence and type) 57. 
Absorption/excitation, relaxation, and recombination are the three basic stages of 
photoluminescence, as illustrated in Figure 2.5.52 For a typical semiconductor sample, the 
material first is excited by a photon. This causes the transfer of an electron from the valence band 
to the conduction band, the net result of which is the production of an electron-hole pair (Figure 
2.5A). Second, the electron and hole distribution in this nonequilibrium state relaxes back to the 
ground state. The initial intraband relaxation is caused by transference of energy to the crystal 
lattice, e.g., a step-by-step excitation of lattice vibrations (Figure 2.5B). Finally, the electron-hole 
pair recombines and emits a photon (Figure 2.5C), whose wavelength is longer than the exciting 
photon. 
For direct bandgap semiconductors, if all the charge carriers relax and cool completely (Fig. 
2.5C), the excitons experience a bandgap minimum. In this condition, the energy of the emitted 
photons is approximately equal the bandgap of the semiconductor material (exciton and defect 
binding energies reduce the emission energy relative to the band gap) and the PL peak sharpens 
into a line. In many real systems and often with quantum dots, the PL peaks are broad. This 
broadening is caused by the photon emissions of the direct exciton recombination (Figure 2.5C), 
relaxation of excitons from higher to lower energy levels, lattice or surface defects of samples, 
and variations in size for quantum confined samples. However, the wavelength of PL peak 
maximum corresponds with the bandgap minus	  any	  binding	  energies	  associated	  with	  
	   10 
relaxation. The PL maximum wavelength directly correlates with crystal size information, as 
discussed in many published papers2,53. 
 
 
Figure 2.5 Schematics of the basic processes involved in a typical luminescence experiment in 
optically excited semiconductors: A. photon excitation, B. carrier relaxation to band edges, C. 




The schematic of the PL system is shown in Figure 2.6.  The system is designed to work with 
solid samples and colloidal nanoparticles in a liquid.  Solid samples can be cooled from room 
temperature to ~20K.  In a typical PL experiment, a semiconductor is excited with a light-source 
that provides photons with energy that is larger than the bandgap energy.  In the measurements 
reported here the light source was either the 365nm emission line of a mercury lamp or an argon 
ion laser emitting in the blue or green wavelength range.  Exciting photons can be absorbed by 
the sample, pass through the sample, or be reflected (specular or diffuse scattering) from the 
sample. The important incident photons are those absorbed by the sample since they can excited 
carriers from filled levels in the valence band to empty states in the conduction band with 
subsequent photon re-emission as displayed in Figure 2.5. Generally photons are emitted in 
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random directions.  A high f-number collection lens system, which is matched to the f-number of 
the spectrometer, collects the emitted photons and focuses them on the spectrometer entrance 
slit.  The PL experiments discussed in this dissertation utilize an Acton 300i spectrometer. A 
long pass filter or laser line removing notch filter between the collection lens and spectrometer 
helps to remove the scattered and reflected light from the excitation source so only the emitted 
photons are collected and analyzed.  At the output of the spectrometer a liquid nitrogen cooled 
Princeton Instruments Spec-10:100BR CCD array detector detects the spectrally dispersed 








The lifetime of excitons can range from femtoseconds to milliseconds depending on the 
properties of material understudy. For semiconductors, the lifetime of collected excitons lies 
between several nanoseconds to ~100 µs. This data supplies important information for the 
efficient application of these semiconductors in solar cells, LEDs, transistors, etc. and possible 
applications in other device areas58. 
 
2.4 Electrochemically Assisted Self-Assembly (EASA) 
Self-assembly is a process in which components of a disordered system form organized 
aggregates or patterns spontaneously.59 In comparison with traditional crystals or metals formed 
by covalent, ionic or metallic bonds, weak interactions (e.g. van der Waals, capillary, π- π 
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interactions, or hydrogen bonds) are the main connection forces between building blocks of self-
assembled structured materials.60-62 These building blocks are not limited to atoms and 
molecules, and include a wide range of nano- and mesoscopic structures with different chemical 
compositions, shapes, and functionalities.59 Self-assembly reduces the degrees of freedom of 
building blocks and leads to a lower Gibbs free energy. The self –assembled structures are 
thermally more stable than the single, unassembled original components, which is called 
thermodynamic stability.63 The direct consequence of this thermodynamic stability is that the 
self-assembled structures are relatively free of defects.59 
The self-assembled structure, which usually possesses a certain shape with special sub meso-
structures, is more ordered than the original building blocks. Its repeat unit varies from 
nanometers to micrometers because the building blocks are molecules and nano- or mesoscopic 
structures.64 Weak interactions and thermodynamic stability result in self-assembly processes, 
which are easily formed and influenced by external disturbances. An example is the formation of 
2-D and 3-D self-assembled superlattices, through the evaporation of solvent from a starting 
solution containing polystyrene spheres.64 This evaporation induced self-assembly (EISA) or 
electrochemically assisted self-assembly (EASA) is critical for the synthesis of mesoporous 
silica or metal oxide thin films. EISA tends to produce films with mesopores that are parallel to 
the substrate surface. 
The synthesis of mesoporous materials generally utilizes surfactants whose hydrophobic and 
hydrophilic groups lead to self-assembly and the formation of micelles. Inorganic precursors 
interact and condense around micelles. After surfactant removal, mesoporous inorganic materials 
are obtained. In the synthesis process, the concentrations of surfactants, which determine the 
shape of micelles, are very important determinants of the size, shape, and alignment of 
mesopores. For example, the phase diagram of cetyltrimethylammonium bromide (CTAB) 
(Figure 2.7) shows that different structures are formed at different surfactant concentration and 
temperatures.65 If mesoporous materials with 1D hexagonally packed pores are desired, a CTAB 
weight percent of 40-60% should be employed. If the CTAB is at about 65% weight, materials 
with 3D cubic mesopores are obtained. 
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The production of inorganic films with mesopores perpendicular to the substrate surface is an 
objective of this dissertation. This pore orientation opens up new areas of research where, for 
example, electrical transportation of a molecule along the length of the pores is important. The 
electrochemically assisted self-assembly (EASA) process developed by Walcarius66,67, is an 
intrinsically simple and fast method to prepare silica films with pores that are orthogonal to the 
surface of conductive substrates. Figure 2.8A depicts a possible explanation of the EASA 
process with CTAB as the surfactant. In bulk solution, the CTAB concentration is low and the 
surfactant exists as single molecules. When an electric field and electric current are applied, 
CTAB molecules move towards the cathode. The resulting concentration gradient leads to the 
formation of spherical and rod-like micelles depending on the proximity to the cathode. Rod-like 
micelles predominate in the region that is immediately adjacent to the cathode. These micelles 
align themselves in the lowest energy configuration, that is, parallel to the electric field.68 This 
configuration coincides with a perpendicular orientation to the surface. Furthermore, the charge 
density at the end of the cylindrical micelles is higher than at the center. This also causes the 
micelles to “stand” on their ends at the cathode surface. At the same time, OH- ions are electro-
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generated at the cathode surface (Figure 2.8B). These OH- ions catalyzed the condensation of 
silica around the cylindrical micelles on the cathode surface (Figure 2.8C). After formation of 
vertically aligned mesoporous silica thin films, the CTAB is removed by calcination at 300 ºC or 











Figure 2.8 Electro-assisted self-assembly (EASA): (A) electric current driven and electric field 
assisted self-assembly of cylindrical micelles on cathode surface ( : CTAB with hydrophilic 
head and hydrophobic tail; : CTAB spherical micelles; : CTAB cylindrical micelles; 
red: cathode); (B) electrical generation of hydroxyl ions on cathode surface; 69 (C) hydroxyl ions 
catalyzed silica sol condensation on cathode surface.69  
Note: The schematics do not have scale information 
 
 
2.5 Grazing Incidence Small Angle X-ray Scattering (GISAXS) 
Small angle scattering (SAS) is a powerful family of techniques that collects the elastically  
scattered radiation from samples at very low angles (typically 0.1-10º) relative to the incident 
angle. Inhomogeneities in the 1 nm-10 µm scale can be detected. Analyzing this angular 
dependent scattering leads to information about the size and shape of nanostructured solid or soft 
materials, and pore sizes, orientation and pore-to pore distance of mesoporous materials. The 
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SAS pattern represents scattered intensity as a function of angle, which is represented as 
scattering vector q 70: 
                                                                           (4) 
Here, λ is the wavelength of radiation and 2θ is the angle between the incident radiation and the 
detector. 
By varying the radiation source, SAS techniques apply to small angle light scattering 
(SALS), small angle neutron scattering (SANS), and small angle X-ray scattering (SAXS).  
Among those, SAXS is used most widely because of its long penetration depth and useful 
wavelength range of 0.01 to 10 nm. SAXS is often used to characterize the structure, pore sizes, 
and pore orientation of mesoporous materials. Figure 2.9 gives the several common 
nanostructural morphologies and their SAXS patterns71. 
 
 




There are several possible peaks corresponding to constructive interference for scattering 
from different indexes of a sample72, like Figure 2.10. 
 
q = 4π sinθ
λ
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Figure 2.10 Intensity profile of SR SAXS reflections with the Lorentz’ correction (red circle) of 




Similar to XRD, SAXS can be performed in transmission or reflection (Figure 2.11). In the 
experimental set up, X-rays are typically incident perpendicular to samples in transmission 
mode, but are incident at a small angle (0.1-10o) relative to the sample surface with samples in 
reflection mode. The transmission mode is most commonly used, but requires that  substrates are 





Figure 2.11 Transmission and reflection modes of SAXS 
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The Bragg Equation, which relates the separation d of diffraction planes, incident angle θ and 
X-ray wavelength λ, also applies for SAXS: 
2dsinθ =nλ                                                                           (5) 
When n =1, combining equations (4) and (5) leads to an expression for d in term of scattering 
factor q. 
                                                                              (6) 
Using equation (6), the plane separation and pore-to-pore distance can be obtained. For example, 
the maximum in the scattering intensity for the p6mm material shown in Figure 2.12 (and 
discussed in more detail in chapter 5 occurs at qmax = 1.722 nm-1. The pore-to-pore distance a is 
2d/√3 or 4π/(q√3) = 3.65 nm. 
 
 




However, the conventional SAXS technique does not work well for characterizing 
nanostructured surfaces and thin films. The work in this dissertation requires characterization of 
a mesoporous silica thin films to determine the pore orientation and pore-to-pore distance. To 
obtain the orientation information of nanostructured surfaces and thin films, a new technique, 
grazing-incidence small-angle X-ray scattering (GISAXS), was used. GISAXS combines the 
d = 2π
q
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accessible scales of small angle X-ray scattering and the surface sensitivity of grazing incidence 
diffraction. 
GISAXS was first introduced by Levine and Cohen73 in 1989 and used to study a gold film 
deposited on a glass surface. Further development of this technique was conducted by Naudon74 
to characterize metal agglomerates on surfaces, and Hazra to study metal nanoparticles in buried 






Figure 2.13 A: GISAXS set up (red beam: incoming X-ray radiation; yellow beam: scattered X-
ray beam); and schematics of mesopore orientations and their corresponding GISAXS pattern: A. 
vertical mesoporous film GISAXS pattern; B. parallel mesoporous film GISAXS pattern; C. 




2.6 Field-Flow Fractionation 
Field-flow fractionation (FFF) is a unique one–phase chromatography technique, which was 
invented by Calvin Giddings in 196677 for the separation and characterization of colloidal 
particles or macromolecules with diameters from 1 nm to several tens of micrometers. The FFF 
separation is based on the laminar flow of fluid in a ribbon-like channel (Figure 2.14). Particles 
injected into the channel move towards the accumulation wall as they experience the force of a 
field, which is applied at right angle to the flow. At the same time, the particles diffuse away 
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from the high concentration region at the accumulation wall to lower concentration region in the 
center of the channel. The particles reach an equilibrium positions between the channel walls 
under these two transport mechanisms. Differences in particle properties (e.g. size, shape) lead to 
differences in the magnitude of the field strength experienced by the particle and different 
diffusion coefficients, D.  As a result they will have different equilibrium positions in the 
parabolic flow profile. Each position corresponds to a unique streamline, and hence different 
particles travel at different average speeds and elute at different retention time tr.78 The 
mechanism of FFF is illustrated in Figure 2.14. This mechanism depends on the field-induced 
velocity (U) and diffusion coefficient (D).  
 
 
Figure 2.14 A. mechanism of field-flow fractionation (l: the average distance of one sample to 
accumulation wall); B. fracotgram showing the separation of two different particles, and C. the 




Take sample X and Y in Fig 2.14A as an example. The field forces the samples toward the 
accumulation wall, while diffusion opposes the concentration gradient driven by the applied field 
and transports samples into the lower concentration center direction until the equilibrium of 
balancing theses two transportation processes is set up. The concentration of samples (C) at X 
above accumulation wall78:  
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                                                      C = C0 exp(-X/l)                                                                     (7) 
where, C0 is the sample concentration at accumulation wall X = 0, and l is the mean thicknss of 
one sample layer. For each sample, l is the ratio of diffusion coefficient and field-induced 
velocity78: 
l = D/|U|                                                                            (8) 
For a single particle79,  
l = kT/|F|                                                                            (9) 
here, k is Boltamann’s constant and T is absolute temperature. This equation indicates that the 
driving force F determines the l and the separation. This separation mechanism is called normal 
mode, which is the most widely applied operating mode. The velocity V of a sample equals the 
average velocity of the carrier liquid where sample distributes. Retention time tr = L/ V, here L is 
















                                                       (10) 
here, t0 is the void time (the emergence time of a nonretained materials) and w is channel 





















                                                 (11) 
















                                                            (13) 
tr is proportional to the driving force F.  
Different fields can be applied to accentuate the particle property on which separation is to be 
based.  This leads to a range of FFF techniques including thermal FFF, sedimentation FFF, 
magnetic FFF, flow FFF, and asymmetric flow FFF. 78,80 Thermal FFF (ThFFF) utilizes a 




, DT: thermal diffusion 
coefficient; D: diffusion coefficient), which can separate macromolecule polymers by both molar 
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masses and chemical compositions according to differences in thermal diffusion.80 
Sedimentation FFF (SdFFF) uses a spinning centrifuge and hence centrifugal force as the applied 
field. In this case, the driving force experienced by a particle is linearly proportional to the 
particle’s effective mass m’ or Δρ (the difference in density between particle and carrier liquid) 
and Vp (particle volume), F = m 'G = Vp Δρ G =
π
6
d3 Δρ G  (G: the acceleration of gravity). The 
selectivity of SdFFF is desirable for nanoparticles with very large densities compared to carrier 
liquids. However, the field generated by currently available commercial instruments is not 
enough to retain and separate silicon or carbon nanoparticles < 10 nm.80 The driving force for 
nanoparticles in a magnetic FFF (MgFFF) channel comes from the interaction of particles and a 
magnetic field.80 The most commonly used FFF technique is flow FFF (FlFFF), in which a 
carrier liquid flow across the channel works as the driving force ( F = f U = kT
U
D
= 3πηU d , U: 
cross flow velocity; η: viscosity; d: the diameter of a particle) by transporting all particles to a 
semi-permeable accumulation wall. The accumulation wall, in this case, is a membrane, which 
allows the passage of liquid molecules while retaining the sample particles in the FFF channel. 
FlFFF separates particles based on their hydrodynamic sizes, independent of density, thermal 
diffusion, magnetic or electric properties, and in theory is applicable for all kinds of analytes 




Figure 2.15  Operationg stages of asymmetric flow field-flow fractionation (AsFlFFF): Sample 
injection (A), sample focusing (B) and sample elution (C) 
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FlFFF has several configurations, the most common being asymmetrical FFF (AsFlFFF). The 
schematic and operation of an AsFFF channel are shown in Figure 2.15. The AsFlFFF has one 
semipermeable wall. Samples are first introduced into the channel through the sample inlet port 
(Figure 2.15A). At this stage, the sample is distributed across the entire channel thickness. The 
sample is then focused into a narrow band at the front end of the channel using a sample focusing 
procedure. In this stage, two opposing flows are used to focus the sample into a narrow band as 
shown in Figure 2.15B. The sample is retained inside the AsFlFFF channel while carrier liquid is 
driven through semipermeable wall. Once the sample reaches equilibrium positions, the flow is 
switched, and the sample species are eluted through the channel at different rates (Figure 2.15C). 
The AsFlFFF separation, like FlFFF, is based on differences in analyte hydrodynamic sizes or 
diffusion coefficient (D). For a spherical particle, D is related by its hydrodynamic diameter (dh) 
through the Stokes-Einstein equation which states that D = kT/3πηdh. Here, k is Boltzmann’s 
constant, T is absolute temperature, η is the viscosity of carrier liquid. The retention time (tr) of a 
particle in AsFlFFF channel is a function of its D and experimental parameters, which include 
channel thickness (w), cross-flow rate (Vc), and channel flow rate (Vout), as shown in equation 
3.82 
                                            (14) 


































	   23 
CHAPTER 3 
SEPARATION AND PURIFICATION OF SILICON QUANTUM DOTS WITH NARROW 




The as-synthesized silicon quantum dots (Si QDs) are polydispersed. To narrow down the 
size distributions, asymmetric flow field-flow fractionation (AsFlFFF) was utilized. The unique 
properties of AsFlFFF can separate these polydispersed Si QDs into subpopulations with much 
narrower sizes. A version of this chapter will be submitted for publication under the title 
“Separation and purification of silicon quantum dots with narrow size distribution using organic 
compatible asymmetric flow field-flow fractionation”. 
 
3.1 Abstract 
Dodecene- and 1-pyrenebutanol-terminated silicon quantum dots (Si QD) were separated into 
narrower size distribution fractions using organic solvent compatible asymmetric flow field-flow 
fractionation (AsFlFFF).  The subpopulations were readily collected as they eluted from the 
AsFlFFF channel and excess reactants employed in the surface functionalization step were 
shown to be easily removed as part of the separation process.  The use of an elution-based 
separation method that utilizes a semipermeable wall is advantageous in that it minimizes sample 
handling steps associated with manually extricating and ‘washing’ the desired nanoparticles 
subpopulations prior to conducting additional studies.  Dodecene-terminated Si QDs 
subpopulations were characterized by transmission electron microscopy (TEM) and 
demonstrated significantly narrower polydispersities than the original sample.  The average sizes 
and size distributions of three collected fractions were 3.8 ± 0.7 nm, 5.3 ± 0.8 nm, and 6.3 ± 0.8 
nm. The photoluminescence (PL) spectrum of each subpopulation showed the expected trend of 
increasing wavelength maximum (650 nm, 680 nm, and 730 nm, respectively) with increasing Si 
QD size.  Each separation took ~30 minutes and more than 95% of the dodecene-terminated Si 
QDs were recovered. This first report on AsFlFFF in organic solvents is a significant 
development for a technique that has been predominantly used for aqueous separations and 
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Quantum dots (QDs) are nanostructured semiconductor materials with diameters that 
typically range between 1 nm to 10 nm39. Quantum confinement within these materials results in 
band-gaps and absorption/emission wavelengths that vary as a function of size40.  The tunable 
optical and electronic properties of II-VI and IV-VI QDs have been exploited in applications 
related to optoelectronics58,83-85, energy conversion and storage86-88, and biomedical devices31,89.90 
but questions remain about their potential adverse effects on the environment and human health. 
Research on silicon quantum dots (Si QDs) has grown at a tremendous pace in recent years due 
in part to the element’s high abundance and low toxicity. Properties of Si QDs, such as 
luminescence emission energy, absolute quantum yield, and exciton lifetime, are size-
dependent2,53,91,92. While certain trends have been established between Si QD size and 
optoelectronic properties, many new questions arise while ‘old’ questions remain unanswered.  
This includes questions about the transition from an indirect to direct semiconductor as size 
decreases, the role of the surface terminating species on energy gap and how this changes with 
size, and how the density of surface defects is affected by size and the role defects play in optical 
emission and exciton lifetime93-98. Part of the problem originates from the fact that the measured 
macroscale properties represent an ensemble average of all constituent nanoparticle populations. 
Si QDs are synthesized using processes that include laser pyrolysis99,100, solution and sol-gel 
growth2,53,101 and chemical vapor deposition51,99,92.  These syntheses often yielded nanoparticles 
with broad size distributions ranging from 1 nm to 13 nm or larger.2,51 Polydispersity and 
aggregates can complicate the interpretation of results particularly if the property’s relationship 
with size is non-linear.  In order to establish definitive relationships between Si QD size and 
observed properties and to construct nanostructure assemblies with specific properties that target 
specific applications, it is essential to have monodisperse Si QDs. An alternate approach to 
developing better synthesis routes and procedures yielding tighter size distributions is to develop 
techniques that can conveniently separate and purify polydisperse nanoparticles. This aspect has 
been noticeably absent from the nanoparticle synthesis literature and it is only recently that there 
has been an increased focus on investigating existing and developing new separation methods. 
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The handful of techniques that have been used to separate sub-10 nm nanoparticles include 
ultracentrifugation2,102, chromatography103-105, capillary electrophoresis106-109, diafiltration110, 
differential magnetic catch and release (DMCR)111 and field-flow fractionation112-115.  
Mastronardi et al. successfully used density gradient ultracentrifugation (DGU)102 and size-
selective precipitation2 to separate Si QDs into <10 nm fractions with polydispersity indexes 
(defined as standard deviation in size divided by average size) that were approximately 1.05 and 
1.2, respectively. DGU separated nanoparticles according to differences in their effective 
densities with the density range determined by the density extrema of the gradient medium. The 
size-selective precipitation approach consisted of adding solvents to induce Si nanoparticle 
aggregation and precipitation followed by centrifugation to remove the aggregated large 
particles.  Each cycle of solvent addition, aggregation, and centrifugation resulted in the isolation 
of increasingly smaller Si nanoparticles.  The disadvantages of DGU and size-selective 
precipitation are the length of each analysis (several days are required for a single separation of < 
10 nm nanoparticles2,102) and the tedium involved with manual manipulations to extricate and 
wash the separated nanoparticle subpopulations. Recycling size exclusion chromatography was 
shown to produce high resolution size separations of <10 nm particles116 but suffered long 
analysis times and significant sample loss as the nanoparticles are trapped/adsorbed on the 
packing material inside the column. Polymer brushes immobilized on the SEC packing material 
has been shown to mitigate the adsorption of CdSe/ZnS quantum dots105. Capillary 
electrophoresis (CE) differentiates analytes based on differences in the charge to size ratio, hence 
charge-based separations are possible for similar size and shape nanoparticles.  When CE was 
applied to carboxylate-functionalized Si QDs108,117 , a pretreatment step was used to first separate 
the sample into two different polarity fractions. Subsequent CE of each polarity fraction 
demonstrated the complexity of a synthesis mixture containing excess reagents, side products, 
and neutral species in addition to the desired Si QDs.   Diafiltration is a membrane-based method 
wherein pore size dictates the retention and elution of material from a sample110. The resolution 
is low because nanoparticles can only be separated into two sub-populations depending on 
whether they can pass through membrane pores35.  Differential magnetic catch and release 
(DMCR) has been used to separate magnetic nanoparticles, such as Au-Fe3O4 and FePt-Fe3O4 
hybrids, into monodisperse fractions based on differences in magnetic moments and size111. 
Ultracentrifugation, CE, and DMCR separations have the commonality of separating similar 
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shape particles by their frictional coefficient and a secondary property (density, charge, and 
magnetic moment, respectively).  their size and additional properties (density, charge, and 
magnetic moment, respectively). 
Field-flow fractionation (FFF) is a family of techniques that was created specifically to 
separate, characterize, and quantitatively recover macromolecules with molecular weights > 104 
Da and particles with diameters from ~1 nm to 50 µm78,80. The separation is conducted in a thin 
ribbon like channel. A laminar flow of fluid through the channel establishes a parabolic flow 
profile with different flow velocity streamlines located at different distances from the channel 
wall (see Scheme 1). An external field is applied to induce nanoparticle migration to one wall of 
the FFF channel. This field-induced transport is counteracted by diffusion from the sample-rich 
region near the wall to the lower concentration region towards the center of the channel. Smaller 
particles diffuse more rapidly away from the wall and hence occupy equilibrium positions in 
faster velocity streamlines than larger particles. Different types of fields, e.g., electrical, 
magnetic, thermal, etc., can be used depending on the properties of the nanoparticles.  This work 
focuses on the use of a ‘flow’ field which is achieved by introducing a second fluid flow that acts 
perpendicular to the separation axis (or primary flow). The resultant asymmetric flow FFF 
(AsFlFFF) technique separates particles solely by differences in diffusion coefficient D and in 
theory is applicable to all kinds of analytes with ~1 nm to 50 µm diameter. This lack of 
dependence on density, charge, magnetic moments, etc., makes this technique ideally suited for 




Scheme 3.1 A Size separation in AsFlFFF channel; B resulting fractogram 
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For spherical particles, D is related by the Stokes-Einstein equation to its hydrodynamic 
diameter (dh) through D = kT/3πηdh where, k is Boltzmann’s constant, T is the absolute 
temperature, η is the viscosity of carrier liquid. The retention time (tr) of a particle in the 
AsFlFFF channel is a function of its diffusion coefficient, and experimental parameters, which 
include channel thickness (w), cross flow rate (Vc), and channel flow rate (Vout), as shown 
below78. 
                                                 (1) 
Equation 1 shows a direct proportionality between retention time and size. Since this is an 
elution-based technique, the separated subpopulations are easily collected for further studies and 
analyses as they flow out of the FFF channel.  This FFF characteristic represents a significant 
advantage over non-elution methods and allows on-line coupling with orthogonal methods such 
as light scattering, mass spectrometry, and inductively coupled plasma-mass spectrometry118. 
Furthermore, the open FFF channel design and a separation mechanism that does not rely on 
interaction with a packing material translate to generally high sample recoveries. 
AsFlFFF has been used for high resolution separations of various engineered and naturally 
occurring nanoparticles80,82, 119-121 and important insights have been gained about property-
behavior relationships.  However, all these studies have been performed in aqueous solutions and 
predominantly with gold and silver nanoparticles.  In the area of semiconductor materials, 
organic compatible nanoparticles present many interesting properties and a separation method 
that allows easy collection of subpopulations would facilitate further fundamental investigations. 
This work describes the first successful FFF separation of sub-10 nm functionalized Si QDs, the 
first demonstration of AsFlFFF of nanoparticles in an organic solvent system, and the on-line 
removal of excess reactants as part of the separation process. 
 
3.3 Experimental 
3.3.1 Preparation of Si QDs with different bonded ligands 
Si QDs were synthesized using either a non-thermal plasma enhanced chemical vapor 
deposition (PECVD) reactor49,50 or a solution method based on the reduction of silicon 
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primarily hydrogen terminated and easily oxidized51,123 resulting in undesirable changes to 
observed properties. Surface passivation through attachment of ligands such as dodecene and 1-
pyrenebutanol helps prevent oxidization of the Si QDs. 
3.3.1.1 Dodecene-terminated Si QDs 
Dodecene was grafted onto the nanoparticles through thermal hydrosilylation99.  The process 
consisted of first suspending the PECVD Si QDs in 5 ml of ethanol (anhydrous, 99%, Aaper). 
Five ml of HF (wt 48%, Mallinckrodt) was then added to the Teflon beaker and stirred at 500 
rpm for 2 minutes to etch and H-terminate the Si QDs. Ten ml of mesitylene (anhydrous, 98%, 
Sigma-Aldrich) was added and the solution stirred for 1 min to extract the H-terminated Si QDs 
from the HF etching solution. The resulting opaque brown solution of H-terminated Si QDs in 
mesitylene was removed and placed in a three-neck flask. Fifteen ml of dodecene (GC, 99%, 
Sigma-Aldrich) was added and the solution was then degassed by 3 freeze/pump/thaw cycles on 
a Schlenk line. The mixture was heated to 200oC for 18 hours with stirring and under nitrogen 
resulting in a clear orange solution. The mesitylene was removed by rotary vacuum evaporation 
and the dodecene-terminated Si QDs were purified by three washes with methanol as an 
antisolvent and redispersed into hexane. 
3.3.1.2 Pyrenebutanol-terminated Si QDs 
1-Pyrenebutanol-terminated Si QDs were synthesized according to the method developed by 
Kauzlarich122 with pyrenebutanol and ethanol as the ligands. A sodium naphthalide solution was 
made from sodium (0.117g, 5.09mmol) and naphthalene (0.660g, 5.15 mmol) in 1,2-
dimethoxyethane (25 ml) that was stirred overnight (16 hr). This solution was rapidly added at 
room temperature via glass syringe to a 300 ml flask of 1,2-dimethoxyethane (75 ml) and silicon 
tetrachloride (0.265g, 2.31 mmol) while rapidly stirring. After 1 hour, 3.0 ml of a 1-
pyrenebutanol solution (0.100g, 0.364mmol) in 1,2-dimethoxyethane was added drop wise 
followed by ethanol (1ml, 17.1 mmol) after another hour. The mixture was stirred for 10 hours 
and then allowed to settle for 12 hours. The resulting yellow solution was decanted from the 
solids and much of the solvent was removed by rotary vacuum evaporation resulting in yellow 
liquid. This liquid was heated under vacuum to remove residual naphthalene yielding a viscous 
yellow oil of pyrenebutanol-terminated Si QDs, which was dissolved in tetrahydrofuran (THF). 
The dodecene-Si QD samples used for AsFlFFF experiments were 3.94 ± 1.6 nm and 7.28 ± 
4.0 nm and are referred to as Si QD-1 and Si QD-2, respectively. A mixture of these two QDs 
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constitutes Si QD-3. The sizes were determined by TEM. The 1-pyrenebutanol-Si QD sample is 
termed PyO-Si QD. 
3.3.2 AsFlFFF instrumentation and procedures 
The AsFlFFF instrument was assembled in house and consisted of a channel/crossflow pump 
(Waters 590), a sample injection pump (Shimadzu LC-6A), an organic solvent compatible 
AsFlFFF channel (PostNova Analytics), and a Spectra 100 UV detector (Thermo Separation 
Products) that was set at a wavelength of 300 nm to monitor the elution of separated Si QDs.  
The AsFlFFF channel had dimensions of 27.6 cm tip-to-tip length, 350 µm thick, and 2 cm 
breadth. At the heart of the channel was a regenerated cellulose membrane with a 5 kDa 
molecular weight cut off (PostNova Analytics) that served the dual function of retaining sample 
in the FFF channel and allowing small molecules to pass through and flush out of the channel.  
The carrier liquid used in the separation was tetrahydrofuran (THF).  The regenerated cellulose 
membrane nominally has limited compatibility with the THF, and in practice, it was found to be 
sufficiently stable and produced reproducible separations for at least three weeks. Data was 
acquired using Labview and National Instruments data acquisition hardware. 
The AsFlFFF experiment included the three stages55 of sample injection, sample focusing, 
and separation/elution. Sample focusing, which is unique to AsFlFFF, utilized two opposing 
flows of liquid to focus the nanoparticle sample into a narrow band prior to starting the 
separation and elution stage. This focusing helped reduce peak broadening and increase the 
separation resolution. Very importantly, excess reactants and other small molecule contaminants 
could be flushed out of the FFF channel during the focusing stages. 
Twenty microliters of the functionalized Si QDs suspension were injected into the AsFlFFF 
channel.  Fractions were collected from ten injections, combined, and the solvent evaporated to 
produce suspensions that were sufficiently concentrated for TEM analyses. 
3.3.3 Characterization of as synthesized Si QDs and their fractions 
Photoluminescence (PL) spectra were measured using a non-commercial lab built 
spectrometer consisting of a Newport mercury lamp (excitation at 365 nm) and quartz cuvettes 
(NSG Precision, Type 43). PL emission was dispersed with an Acton 300i spectrometer and 
spectra were recorded on a Princeton Instruments Spec-10:100 BR liquid nitrogen cooled silicon 
CCD detector array. A 400 nm low pass filter was placed in front of the spectrometer’s entrance 
slit. 
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TEM images were obtained with a Philips CM200 transmission electron microscope 
(Amsterdam, Netherlands) coupled with a Princeton Gamma-Tech prism energy dispersive X-
Ray spectrometer with a LaB6 filament and a 200 kV accelerating voltage in bright-field imaging 
mode. TEM samples were prepared by putting 10 µL of sample on 300 mesh holey carbon 
coated copper grids (Electron Microscopy Sciences) and air drying.  The diameters of at least 
300 particles were measured for each sample unless otherwise specified. 
 
3.4 Results and Discussion 
Tetrahydrofuran (THF) was selected as the carrier liquid because the functionalized Si QDs 
were observed to be stable for several days when suspended in this solvent. The regenerated 
cellulose (RC) membranes that are frequently used for aqueous AsFlFFF proved to be 
compatible with THF and yielded reproducible results for at least three weeks.  (It should be 
noted that some manufacturers indicate that RC membranes are compatible with THF while 
others list them as limited compatibility56.) 
Equation 1 shows that the retention time tr is proportional to the hydrodynamic diameter dh 
and the ratio of the cross flow rate to the channel flow rate Vc/Vout.  The Vc/Vout ratio is also 
important because the retention time tr strongly affects the resolution of the separation55. The 
results of a study to determine the optimum flow rate ratio yielded the series of fractograms for 
Si QD-1 shown in Figure 3.1.  Higher Vc/Vout ratios yielded the expected increase in retention 
time and are desirable because of the theoretically predicted increased resolution.55 However, 
longer trs are also associated with more dilute subpopulations eluting from the FFF channel 
which can compromise subsequent analyses.  Hence, a Vc/Vout ratio of 16 was selected as this 
yielded a good compromise between time per FFF experiment, resolution, and Si QD 
concentration in the collected fractions.  The retention volume, which is equal to tr x Vout, is 
plotted as the x-axis in Figure 1 to give a more convenient visual comparison of peak areas for 
the different flow rate ratio. These peak areas provided an estimation of sample recovery which 
exceeded 94% for all Vc/Vout ratios. 
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Figure 3.2A is a fractogram for a dodecene-Si QD-3 and was obtained using a Vc/Vout ratio of 
16 where Vc= 1.694 mL and Vout=0.106 mL.  Fraction 1 (F1) was collected from 7-11 minutes; 
fraction 2 (F2) was 11-13 min; fraction 3 (F3) was 14-20 min; and fraction 4 (F4) was 20-27 
minutes.  TEM characterization was performed on each fraction and the resulting images are 
shown in Figure 2B. The size of the Si QDs clearly increased with increasing fraction number.  
The dodecene ligands were difficult to observe by TEM due to its low contrast. High-resolution 
transmission electron microscopy (HRTEM) images showed the presence of lattice fringes for 
the particles in F1-F3, confirming that the Si QDs in these fractions are the desired crystalline 
form.  Lattice fringes were not observed for the Si QDs in F4.  Histograms based on TEM size 
measurements of F1-F4 fractions are shown in Figure 3. The average QD sizes (dav) and their 
standard deviations (σ) for each fraction are 3.8 ± 0.7 nm (F1), 5.3 ± 0.8 nm (F2), 6.3 ± 0.8 nm 
(F3), and 14.2 ± 5.40 nm (F4).  These fractions were collected over two to seven minute intervals 
and it is expected that size distributions present in each fraction can be reduced by shortening the 
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fraction collection time interval. The polydispersity of 38.0% is highest for Fraction 4 and is due 
to turning off the crossflow at 25 minutes to elute all remaining sample from the channel.  The 
lack of lattice fringes, the large size, and PL measurements suggest that the Si QDs in F4 may be 
agglomerates of smaller particles.  These TEM sizes were compared to those predicted using the 
AsFlFFF theory represented by Equation 1. For all fractions, AsFlFFF sizes were ~0.5 to 2 nm 
larger those for TEM. This is not surprising because TEM reports a ‘dry’ size and, in this case, 
the presence of a silica shell and dodecene ligands may not be visible.  On the other hand, the 
AsFlFFF sizes are hydrodynamic diameters, which include the silicon core, possible silica shell, 
dodecyl ligands and a solvent layer. 
Photoluminescence spectra measured for each fraction are shown in Figure 3B. There is a 
notable shift in the maximum PL peak position; with a monotonic shift from ~640 nm to 900 nm 
as the Si QD size increases. The PL in F4 is likely due to the <10 nm Si QDs present in this 
fraction as larger Si nanoparticles do not exhibit quantum confinement or size tunable properties. 
Figure 4 compares the optical bandgaps and PL maximum wavelength of Si QDs from F1-F3 
with theoretical calculations. The grey and green dots represent hydrogen and methyl terminated 
Si QDs respectively and their optical bandgaps were obtained using tight-binding theory57. The 
bandgap data for hydrogen-terminated Si QDs were calculated through the carrier recombination 
mode58 and represented by the grey line. For F1-F3, the bandgaps were estimated from the 
maximum PL wavelengths and the error bars were determined using the PL peak width at half 
maximum. Both experimental and theoretical data showed that the bandgaps successively 
decreased with increasing Si QD size.  The experimental data obtained for F1-F3 exhibit larger 
emission energies than predicted.  Several factors can lead to such a shift. These include residual 
oxidation of the dots which reduces the core size and greater sensitivity of the PL measurements 
to the smallest dots in the distribution which are predicted to have higher quantum efficiency. 
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Figure 3.2 (A) Fractogram of Si QD-3 at a flow rate ratio of 16 with fractions collected as 
marked by the dashed lines. The cross flow rate was turned off at 25 minutes.  (B) TEM images 
of collected fractions F1, F2, F3, and F4. 
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Figure 3.3 (A) TEM histograms of the sizes in the four fractions collected as shown in Figure 2 









Figure 3.4 Comparison of experimental results with theoretical modeling: H- (grey dots) and 
CH3-/H3C- (green dots) terminated Si QDs from tight-binding simulation mode96, H- (grey line) 




In AsFlFFF, the retention time tr is a linear function of the nanoparticles’ hydrodynamic 
diameters and thus the fractograms are a direct reflection of size and size distributions. The high 
resolution associated with a separation technique makes it ideal for studying nanoparticle 
stability.  Figure 5 depicts a series of fractograms obtained for the dodecene-Si QD-3 mixture 
from Day 3 to Day 18 after surface passivation.  The sizes of the Si QDs did not vary in the first 
week as demonstrated by the overlapping fractograms of Days 3 - 8. Beginning with Day 9, the 
tail portion of the fractogram (15 – 25 min) where larger Si QDs elute started to shift upwards, a 
trend that increased with each day.  This is due to the onset of aggregation which became visible 
to the naked eye at Day 21.  Interestingly, the peak maximum did not start to shift until Day 16 
which suggested that the dodecene terminated Si QD-1 (eluting before 15 minutes) started to 
aggregate at a later date. This observation corroborates findings reported by other groups for two 
different size Si QDs. AsFlFFF provided a convenient and sensitive route for detecting the onset 
of aggregation, monitoring possible size-selective aggregation and providing valuable 
information about the stability and shelf-life of these dodecene-Si QDs. 








Unlike chromatography, AF4 employs an empty channel with no solid stationary phase. 
Ideally, all sample components injected into the channel will elute from the channel outlet. The 
cross flow that passed through the membrane was collected and subjected to PL and TEM and no 
Si QDs were evident. A systematic study was done to measure the amount of sample recovered 
and a set of example results is shown in Figure S1. The peak area of each UV-fractogram is 
proportional to the Si QD amount. The peak area corresponding to the fractogram obtained when 
no crossflow was applied was defined as 100% sample recovery.  When a focus time of 5 min 
was used, the resulting fractogram had an area that corresponded to 98% indicating minimal Si 
QD loss during the focusing step. When normal AsFlFFF conditions were used, ~95% of the 
dodecene-Si QDs were recovered. 
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Figure 3.6 Removal of unreacted pyrenebutanol as a function of focusing time (A) solution of 




Surface passivation is important for stabilizing the Si QDs and minimizing oxidation. Most 
passivation reactions are conducted in solution. Excess passivating ligands are added to the 
reaction system to ensure that good surface coverage is achieved. Unreacted ligands can interfere 
with subsequent spectroscopic studies of the passivated Si QDs and introduces an additional 
challenge that can be overcome by precipitating the desired QDs and multiple 
washing/centrifuging cycles.25,27 The AsFlFFF channel has a semipermeable membrane wall that 
can be exploited for on-line removal of small molecules. Excess reagents can be flushed out of 
the system in both the focusing and elution stages by passage through the membrane. An 
example of this AsFlFFF capability is demonstrated with 1-pyrenebutanol (PyO)-terminated Si 
QDs.  The sample solution contained excess PyOH and PyO-Si QDs. The PyOH and PyO-Si QD 
have similar absorbance and PL spectra thus making it difficult to differentiate contributions 
from the PyO-Si QD only.  Figure 8 shows the effect of different focusing times on the removal 
of unreacted PyOH. In the focusing procedure, the semipermeable membrane wall is the only 
exit for carrier liquid and the PyOH molecules are sufficiently small to pass through. Figure 6A 
shows that six minutes of focusing is sufficient to remove almost all PyOH as evidenced by the 
reduction in peak area. Fractograms of PyO-Si QDs (Figure 6B) again demonstrate the removal 
of unreacted PyOH.  In this case, as the focusing time increases beyond 3 minutes, the peak areas 
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start to converge.  In the focusing process, not only is the excess PyOH removed, but other small 
molecules added to facilitate the solution synthesis of Si QDs can also be removed.  As the Si 
QDs move through the channel, they effectively undergo continuous washing as fresh carrier 
liquid is pumped through the channel.  These various aspects of the AsFlFFF separation can 
further purify the Si QDs. 
 
3.5 Conclusions 
In this work, organic compatible asymmetric flow field-flow fractionation was successfully 
used to separate sub-10 nm dodecene-terminated Si QDs in THF and fractions with narrower size 
distributions were obtained. Both TEM and photoluminescence of fractions confirmed the 
success of the separation with monotonic increases in size as a function or retention time and PL 
maximum wavelength.  The ability to readily collect separated subpopulations, the possibility to 
monitor the onset of aggregation, the high sample recovery, and the on-line removal of excess 
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SEPARATION AND PURIFICATION OF SILICON QUANTUM DOTS WITH NARROW 
SIZE DISTRIBUTION USING ORGANIC COMPATIBLE ASYMMETRIC FLOW FIELD-
FLOW FRACTIONATION 
 
Preparation of Si QDs with different bonded ligands 
 
Si QDs were synthesized using either a non-thermal plasma enhanced chemical vapor 
deposition (PECVD) reactor49,50 or a solution method based on the reduction of silicon 
tetrachloride developed by Kauzlarich122. The plasma was generated in a quartz tube (9.5 mm 
outer diameter and 6.0 mm inner diameter) surrounded by two copper ring electrodes and 
powered by a radio frequency (rf) generator (13.56 MHz). The space between the electrodes was 
5 mm, with the powered electrode closer to the downstream end of the tube at a distance of 25 
mm from the stainless steel quick connect fitting. For the silicon precursor, a pre-mixed bottle of 
SiH4:Ar was used at a concentration of 0.45%. The chamber pressure, which is also the pressure 
in the quartz tube, was held at 2 Torr for 3-4 nm Si QDs and 6 Torr for 7-8 nm Si QDs. The RF 
power to the plasma source was set at 80 W to obtain crystalline Si QDs for both pressures112. 
For the collection of the Si QDs, a stainless steel mesh was placed across the entire entrance of 
the throttle valve, which typically led to a collection of ~20 mg/hr of Si QDs. 
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Figure 3.S1 Fractograms of Si QDs with absorption vs volume, a) no focus, cross flow rate 0; b) 
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Figure 3.S2 Fractograms of pyrenebutanol Si QDs with flow rate ratio at 34 (Vc =2.04 mL/min, 
Vout =  0.06 mL/min), and the TEM images of collected fractions, F2, fraction 2; F3, fraction 3; 
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CHAPTER 4 
SEPARATION OF SINGLE CRYSTAL ALLYLAMINE SILICON NANOPARTICLES FROM 
AGGREGSTION USING AQUEOUS ASYMMETRIC FLOW FIELD-FLOW 
FRACTIONATION 
 
In the synthesis and passivation processes, it is very difficult to obtain only single dots 
because of the poor dispersity of H-terminated silicon quantum dots  (Si NPs) in any solvents, 
which leads to agglomeration of small Si NPs125. In order to obtain single Si NPs, aqueous 
asymmetric flow field-flow fractionation (AsFlFFF) was utilized to separate allylamine-
terminated Si NPs from their agglomerations. Part of the data and discussion in this chapter is 
published in MRS Proceedings entitled “Passivation, Separation and Characterization of 
Plasma Synthesized Silicon Nanoparticles”. 
 
4.1 Abstract 
Silicon quantum dots (Si NPs) were synthesized by plasma enhanced chemical vapor 
deposition (PECVD) using silane as a silicon source. Allylamine was used as passivation ligands 
to form water-soluble Si NPs. Finally, aqueous asymmetric flow field-flow fractionation was 
used to successfully separate the polydisperse Si NPs with an initial range of 3.8 – 300 nm 
diameters into subpopulations which had average diameters of 4.3 nm, 7.2 nm, 9.8 nm, and 21 
nm. Turning off the crossflow allowed the rapid elution of the nanoparticles that were larger than 
20 nm from the channel. 
 
4.2 Introduction 
Semiconductor nanoparticles with unique optical and electronic properties have shown 
potential application in many fields from sensor technology to optoelectronics126-128. With their 
tunable band-gap53,129, low toxicity, and biocompatibility89,101,130, silicon  nanoparticles (Si NPs) 
have generated wide interest among scientists in various research areas. Important properties of 
these nanoparticles such as photoluminescence, absolute quantum yields, and exciton lifetime are 
size-dependent2,129,131. And the environmental and bio-immunical toxicities of semiconductor 
nanoparticles are also size dependent.102,132 Significant research effort has been directed towards 
controlled synthesis of monodispersed Si NPs with desirable properties. However, most 
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synthesis procedures yield polydispersed Si NPs with significant size inhomogeneity. Thus, the 
need for development of post-synthesis, purification and separation methods has become a 
necessity, albeit one that has not yet received a great deal of attention. Gradient density 
ultracentrifugation2 and size-selective precipitation131 have been reported as successful 
approaches for post synthesis size-separation of Si NPs. In this work, aqueous asymmetric flow 
field-flow fractionation (AsFlFFF) was used to separate Si NPs into subpopulations with 
narrower size distributions. 
 
4.3 Experimental 
4.3.1 Synthesis and Passivation of Si NPs 
Si NPs were synthesized using a capacitively coupled nonthermal plasma attached to a high-
vacuum chamber with a base pressure of ~10-7 Torr. The plasma was generated in a quartz tube 
(9.5 mm outer diameter and 7 mm inner diameter) surrounded by two copper ring electrodes and 
powered by a radio frequency (rf) generator (13.56 MHz) via an in-house-built matching 
network. The space between the electrodes was 2 cm, with the powered electrode closer to the 
upstream end of the tube at a distance of 5 cm from the stainless steel quickly-coupling flange. 
The feed gas was SiH4 (1.4 sccm) heavily diluted in argon (275 sccm) with a pressure of ~4 Torr 
measured close to the inlet of the quartz tube. The rf power to the plasma source was set at 40 W 
to obtain crystalline Si NPs. The NPs nucleated in the gas phase and were transported out of the 
plasma by convective flow. A stainless steel mesh was set up about 5 cm away from the 
downstream end of the quartz tube to collect PECVD synthesized Si NPs. These as-synthesized 
Si NPs were transferred into toluene under ultrasonication then filtered by 100 nm filter paper 
under vacuum. The filtered Si NPs were etched in 5% HF for about 5 minutes to obtain the 
hydrogen terminated Si NPs. These hydrogen terminated Si NPs were transported into 5 mL 
isopropanol, and then 100 µL of 0.1M H2PtCl6 in isopropanol was added as the catalyst. Then 4 
mL of allylamine was combined with the mixture and stirred overnight. 
4.3.2 AsFlFFF instrumentation and procedures 
The aqueous AsFlFFF instrument (non-commercial one) was comprised of an AsFlFFF 
channel, two Waters 590 pumps (Milford, MA) to drive samples and carrier liquid through the 
channel respectively, and a Waters 486 UV-visible detector (Milford, MA) to monitor the NP 
elution. The AsFlFFF channel had dimensions of 28.0 cm tip-to-tip length, 250 µm thick, and 2 
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cm breadth. A regenerated cellulose membrane with a 2 kDa molecular weight cut off (PostNova 
Analytics) served the dual function of retaining sample in the FFF channel and allowing carrier 
liquid to pass through and flush out of the channel.  The carrier liquid used in the separation was 
0.01% FL-70 in DI water. Data was acquired using Chrome and Spec1.5 chromatography data 
collection software. 
The aqueous AsFlFFF experiment also included the three stages of sample injection, sample 
focusing, and separation/elution (Scheme 1). The focus position and sample band-width were 
guided by a blue dye (0.01 M Indigo dye plus 0.01 M NaOH) to be at 3.4 cm from the inlet and 
about 2 mm. 20 µL of the functionalized Si NPs suspension were injected into the aqueous 
AsFlFFF channel.  Fractions were collected from ten injections, combined, and the water 




Scheme 4.1 Operation procedures of the aqueous AsFlFFF: 1. Sample injection; 2. Sample 
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4.3.2 AsFlFFF instrumentation and procedures 
TEM images were obtained with a Philips CM200 transmission electron microscope 
(Amsterdam, Netherlands) coupled with a Princeton Gamma-Tech prism energy dispersive X-
Ray spectrometer with a LaB6 filament and a 200 kV accelerating voltage in bright-field imaging 
mode. 
 
4.4 Results and Discussion 
The as-passivated Si NPs before aqueous AsFlFFF separation are polydispersed, as indicated 
in Figure 4.1. The diameters of allylamine-terminated Si NPs vary from 3.8-300 nm (Fig 4.1A 
and Fig 4.1B). The smaller Si NPs (< 10 nm) are single crystals (Fig 4.1C). Figure 4. 2 displayed 
the size distribution of allylamine-terminated Si NPs by counting 600 particles.  The particles 
with diameter range of 3.8-10 nm were about 73% of the total particle numbers. Particles > 100 




Figure 4.1 TEM images of as-prepared polydispersive allylamine terminated Si NPs 
 
 








Figure 4.3 is a fractogram from allylamine terminated Si NPs and was obtained using a 
Vc/Vout ratio of 39 where Vc= 0.78 mL and Vout=0.02 mL. The collection of fraction 1 (F1) was 
from 5-7 minutes; fraction 2 (F2) was 7-9 min; fraction 3 (F3) was 9-11 min; fraction 4 (F4) was 
11-13 minutes; fraction 5 (F5) was 13-15 minutes; fraction 6 (F6) was 15-17 minutes; fraction 7 
(F7) was 17-19 minutes; fraction 8 (F8) was 19-21 minutes; fraction 9 (F9) was 21-23 minutes; 
fraction 10 (F10) was 23-25 minutes; fraction 11 (F11) was 25-27 minutes; and fraction 12 (F12) 
was 32-44 minutes.  Crossflow was turned off at 28 min. The monitored UV detector was at 300 
nm from 1-28 minutes of the fractograms, and 500 nm for 28-48 minutes. TEM characterization 
was performed and the resulting images are shown in Figure 4.4. The sizes of the Si NPs clearly 
increased with increasing fraction number. The fractions had an average diameter of 4.3 nm, 7.2 
nm, 9.8 nm, 21 nm and 150 nm for fraction 3, 4, 5, 6 and 12 respectively. The allylamine ligands 
were difficult to observe by TEM due to their low density. 
The histograms based on TEM size measurements of fraction 3, 4, 5, 6 and 12 are shown in 
figure 4.5. The average allylamine Si NPs diameters (dav) and their standard deviation (σ) are 4.3 
± 1nm, 7.2 ± 2.3 nm, 9.8 ± 3.9 nm, 21± 11 nm. The size distribution of fraction 12 is very broad 
and polydispersity is highest. This is probably due to the way it was obtained by turning off the 
crossflow at 25 minutes to elute all NPs with diameters > 21 nm. There are no fringes observed 
under TEM for Si NPs of fraction 12. The large size and lack of crystal fringes indicate that the 
Si NPs in F12 are possible agglomerates of smaller particles. 
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Figure 4.4 TEM images of allylamine functionalized Si NP fractions: F3, fraction 3; F4, fraction 
4; F5, fraction 5; F6, fraction 6; and F12, fraction 12 
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Figure 4.5 Size distribution histograms of the allylamine-terminated Si NP fractions collected 





Single crystalline Si NPs were obtained by PECVD and passivated with allylamine ligands. 
Aqueous AsFlFFF successfully separated these allylamine terminated polydispersed Si NPs into 
fractions with much narrower monodispersed size distributions, and separated single Si NPs 
from the aggregations. 
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CHAPTER 5 
FREE STANDING SILICA THIN FILMS WITH HIGHLY ORDERED PERPENDICULAR 
NANOPORES 
 
To control the diameters and alignments of nanowires, a template with vertical nanopores is 
necessary to confine the growth of nanowires. The nanopores of commercial templates do not 
reach the quantum-confined sizes. In this chapter, a template-mesoporous silica thin film with ~ 
3nm vertical pores was developed. A version of this chapter is published in RSC Advances under 
the title “Synthesis of Free Standing Silica Thin Films with Highly Ordered Perpendicular 




The synthesis of mesoporous silica thin films on nontraditional conductive substrates using 
an electro-assisted self-assembly (EASA) technique is described.  This work extends prior 
demonstrations of EASA by exploring the effects of precursor sol pH, temperature, and substrate 
roughness, and describes a new approach to synthesizing a mesoporous silica film that is 
detachable from the substrate. The latter uses a conductive polymer as a planarization layer for 
successful EASA on indium-tin oxide coated glass (ITO) and as a sacrificial layer that can be 
subsequently dispersed in water to release the silica film.  This is a particularly important 
development because it opens up possibilities for synthesizing perpendicularly aligned 
nanoporous silica on a broad range of surfaces and non-conductive substrates and producing free 
standing nanostructured thin films. The silica films that are produced have well ordered 
hexagonally packed mesopores that are vertical to the substrate surface. The thicknesses of these 
mesoporous silica films were examined by scanning electron microscopy (SEM) and determined 
to be controllably variable between ~100 – 200 nm. Transmission electron microscopy (TEM) 
showed organized porous structural features that were approximately 3 nm in diameter. Grazing-
incidence small angle X-ray scattering (GISAXS) analysis yielded an ~4.2 nm pore-to-pore 
distance and confirmed that a p6mm orientation persisted throughout the 6 cm2 mesoporous silica 
film samples. 
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5.2 Introduction 
Mesoporous silica materials have drawn a great deal of attention because of their process-
tunable pore diameters that can be varied from 2 to 30 nm, large surface areas and pore 
volumes133-137, and stability in air and liquids. These advantages make them ideal hosts or “hard 
templates” for the preparation of ordered nanostructure arrays of metals138, metal oxides139,140, 
semiconductor materials141-143, and carbon-based nanostructures138, with applications in catalysis, 
electrochemistry, semiconductor devices, and photovoltaics. Moreover, the fabrication of films 
with well defined nanopores oriented perpendicular to the substrate surface allows direct 
through-film access and opens up new application areas where, for example, electrical or 
molecular transport along the length of the pores is important. These include nanowire arrays for 
electronic devices, solution based selective sensors and preconcentrators.144 Furthermore, the 
ability to detach the mesoporous films from the solid substrates will yield high pore density films 
that can be used as membranes or biosensors.145 Synthesizing free-standing through-film 
nanoporous arrays with well defined size and orientation across large areas is extremely 
desirable and very challenging. 
Mesoporous silica thin films are often prepared by dip-coating, printing, or spin-coating 
silica-based precursors on to flat substrates146. Such processes generally lead to randomly 
oriented pores or limited domain ranges with oriented pores. Evaporation induced self-assembly 
(EISA)145 is a versatile method for preparing films on flat surfaces. However, the mesopores of 
the EISA films145,147 generally form parallel to the substrate surface. Combining EISA with an 
applied field148-150 has been demonstrated as a method for achieving perpendicular pore 
orientation. In 1997, Firouzi151 and Tolbert152 created an aligned surfactant- silica mesophase on 
the centimeter scale by applying a high magnetic field during film formation. Yamauchi153 
further demonstrated the influence of high magnetic fields on the orientation of a block 
copolymer surfactant that was used to form nanochannels in silica films. Although, these studies 
demonstrated the possibility of producing perpendicularly oriented pores, the use of a high 
magnetic field may not be practical for the synthesis of large area films. Richman154 obtained 
vertically oriented hexagonally packed nanoporous silica films by nanometer-scale epitaxy. This 
method required a precise lattice match between the pores of the surfactant-silica film and the 
cubic mesoporous substrates. Teng155 developed a Stöber-solution growth approach to obtain 
mesoporous silica thin films with perpendicular channels. However, the film formation took 
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several days under strictly controlled high temperatures due to the slow film growth speed (2 nm 
h-1). Other approaches for orienting pores perpendicular to the substrate include optical 
lithography156, ion track etching156 electrochemical etching157, and anodization156. These methods 
are usually limited to > 10 nm pores or disordered pore structures. 
Recently, Walcarius66 and Goux158 developed an intrinsically simple and fast electro-assisted 
self-assembly (EASA) method to prepare silica films with pores that are orthogonal to the 
surface of metals, glassy carbon, and conductive metal oxide substrates. EASA exploits the 
electrochemically driven self-assembly of cationic surfactant molecules158, the electro-generation 
of hydroxyl ions66, and silica condensation66 at the cathode surface. The first process leads to 
ordered surfactant self-assembly and alignment, the second catalyzes sol polycondensation and 
the third results in silica sol condensation around the surfactant nanostructures. The net result is 
the formation of a thin silica film consisting of hexagonally packed nanochannels that are aligned 
perpendicular to the cathode surface. EASA requires a conductive substrate that can serve as the 
cathode. Mesoporous silica film formation on gold, platinum, copper, indium tin oxide, and 
glassy carbon substrates has been successfully demonstrated over 10 mm2 areas. Pore sizes are 
varied between 2.6 and 3.1 nm depending on the carbon chain length of the 
alkyltrimethylammonium bromide surfactant CnTAB (n=14-18). 
Thus far, EASA has been performed only on conductive substrates.  In addition, while 
removal of silica films for electron microscopy was accomplished by mechanically scraping the 
cathode, this removal process is not a practical method for obtaining large, substrate free, film 
areas for further study or applications. Furthermore, the adhesion159 of thin silica films to noble 
metal (such as Au, Pt, etc.,) substrates is weak and leads to defects in the form of cracks.  The 
local detachment from the substrate causes changes in the film morphology during surfactant 
removal due to the reduction in the surface energy.160 Conductive metal oxides present a surface 
that could be used with EASA with advantages that include good adhesion to silica thin film and 
good conductivity. However, the effect of the relatively high surface roughness161 of glass-coated 
conductive metal oxide substrates on the formation of uniform perpendicular oriented 
mesoporous films is undetermined. This roughness can be reduced by coating the metal oxide 
with conductive polymers.162 
This paper describes the successful synthesis of mesoporous silica films on two non-
traditional conductive substrates using the EASA technique and the subsequent detachment of 
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the film from the substrate. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) is a conductive polymer that was spin coated onto surfaces such as indium-tin 
oxide (ITO) to improve the surface flatness and adhesion of silica. This PEDOT:PSS coated ITO 
will be referred to as P-ITO. The second substrate investigated in this work is a heavily doped n-
type silicon wafer, also with a flat surface163 and good attachment to silica159. Synthesis and 
EASA conditions are optimized and explanations are given for the successful formation of silica 
films with mesopores oriented perpendicular to the substrate surface. The process for detaching 
or lifting off the mesoporous silica film from the P-ITO substrate is also described. 
 
5.3 Experimental 
Synthesis of the mesoporous silica films occurs in different stages starting with preparation 
of the precursor sol, followed by preparation of the conductive substrates, and ending with 
electro-assisted self-assembly of rod-shaped surfactant micelles and polycondensation of silica 
around the micelles at the cathode/substrate surface.  Each stage required optimization and was 
performed as described below.  All chemicals were used as purchased without further 
purification. 
 
5.3.1 Preparation of precursor sol 
A solution was prepared by mixing 0.82g (2.18 mmol) cetyltrimethylammonium bromide 
(CTAB, 99%, Fluka, Denmark), 20 mL ethanol (95%, Pharmco Products Inc., CT, USA), and 20 
mL aqueous 0.1 M NaNO3 (98%, J.T. Baker Chemical Co., NJ, USA) and adjusting the pH with 
HCl (37%, Pharmco-AAPER Subsidiaries of Commercial Alcohols Inc., CT, KY, USA). To this 
solution, 1.52 mL (1.42 g, 6.80 mmol) tetraethyl orthosilicate (TEOS, 98%, Aldrich, MO, USA) 
was added under stirring. The resulting precursor sol had an optimum [CTAB]:[TEOS] ratio of 
0.32 and was allowed to hydrolyze for 2.5 hours.66,158 Fresh precursor sol was made for each 
experiment. The role of NaNO3 in the precursor sol was to increase the conductivity of the sol 
and subsequently facilitate the EASA process. The pH and temperature of the precursor sol were 
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5.3.2 Preparation of substrates 
The conductive substrates used in this work are an indium-tin oxide coated glass (ITO) 
(Colorado Concept Coatings, CO, USA) with a surface resistivity of ~ 25.6 ohms (measured in 
lab), indium-zinc oxide coated glass (IZO) (Colorado Concept Coatings, CO, USA) with a 
surface resistivity of ~ 15.2 ohms (measured in lab), PEDOT-PSS (Clevios P VP al 4083, 
Germany) modified ITO (P-ITO) and a heavily doped conductive silicon wafer (n-Si [100] with 
phosphorus dopants, 14-22 ohm-cm (University Wafer, MA, USA).  ITO and IZO are cleaned by 
sequential sonication in acetone and isopropanol for 5 min in each solvent followed by oxygen 
plasma treatment for 5 min. The P-ITO is prepared by first filtering PEDOT:PSS  through a Pall 
Acrodisc 0.45 µm syringe filter (CELLTREAT Scientific Products, LLC, MA, USA), then 
depositing two layers of  PEDOT:PSS by spin coating each layer successively at 6000 rpm onto 
a plasma cleaned ITO surface, and finally annealing the PEDOT:PSS-ITO at 120 oC for 20 min.  
The last substrate, n-Si [100] wafer, is etched in 5% HF solution for 3 minutes to remove the 
surface oxide layer and improve conductivity across the surface. All substrates are approximately 
2.54 cm x 2.54 cm squares. 
 
5.3.3 Electrochemically assisted self-assembly (EASA) 
The electrochemical system consists of a 2.54 cm x 2.54 cm planar graphite electrode (anode, 
counter electrode) and an ITO, IZO, P-ITO or silicon wafer substrate (cathode, working 
electrode) that is submerged in the precursor sol solution.  The two electrodes are held parallel to 
each other, one inch apart. A Model 362 Scanning Potentiostat (Princeton Applied Research, TN, 
USA) is used to apply the current needed for aligning CTAB molecules and generating the 
hydroxyl ions essential for polycondensation of silica thin films at the substrate surface.  The 
current is set at a constant 0.75 mA/cm2 substrate and	  the	  EASA time is varied between 10 to 20 
seconds (as previously optimized)66,158 
 
5.3.4 Characterization 
After EASA, the resulting structure consisted of CTAB molecules surrounded by silica.  The 
final step to producing mesoporous silica films involved removal of the CTAB to create open 
pores.  This is accomplished by immersing the sample in a 0.01 M HCl ethanol-water solution 
(50:50 v/v) for 30 minutes under stirring.66,158 FTIR characterization confirmed the complete 
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removal of surfactant from the silica film on Si wafer (see Supplementary information).  For 
metal oxides, the CTAB can also be removed by calcination at 300 oC for 30 minutes. 
The silica film’s pore size and alignment on the silicon wafer and P-ITO substrates are 
characterized by Grazing Incidence Small Angle X-ray Scattering (GISAXS) using a Nonius 
Kappa-CCD diffractometer equipped with an Apex II CCD detector (copper cathode (λαI = 
0.154184 nm). 
Cross-sectional scanning electron microscope (SEM) images of the silica films to confirm 
film formation and determine thickness are obtained at a 13o tilt using a JEOL JSM-7000F field 
emission SEM (JEOL USA, Inc. MA, USA) with an EDAX Genesis energy dispersive X-Ray 
spectrometer in TSL electron backscatter diffraction mode. Top views showing the size and 
uniformity of the silica mesopores are obtained with a Phillips CM200 transmission electron 
microscope (Amsterdam, Netherlands) coupled with a Princeton Gamma-Tech prism energy 
dispersive X-Ray spectrometer. TEM samples were prepared by either using a razor blade to 
mechanically scrape the silica template from the cathode onto the TEM grid or using a liftoff 
method (described later) that preserves knowledge of the film orientation 
The surface roughness of cleaned substrates is measured with a Digital Instruments 
Nanoscope III multimode atomic force microscopy (AFM) (CA, USA) using SiN tips with tip 
curvature less than 10 nm and operating in tapping mode. The surface roughness is also 
measured by a Tencor P-10 Surface Profiler (CA, USA). 
 
5.4 Results and Discussion 
Reactions pertinent to the preparation of silica films with mesopore oriented perpendicular to 
the substrate surface are shown in Scheme 5.1. The first step (Scheme 5.1A) is the acid catalyzed 
hydrolysis of TEOS. The pH of the precursor sol and the hydrolysis temperature play important 
roles in the subsequent formation of the desired mesoporous silica films.  The second step is the 
EASA process which involves the simultaneous electrochemically driven self assembly of 
cationic surfactants, electro-generation of hydroxide ions (Scheme 5.1B) and hydroxyl ions 
catalyzed polycondensation of silica (Scheme 5.1C) at the cathode/substrate surface. 
The effect of precursor sol conditions and substrate surface roughness on the formation of 
aligned and ordered mesopores are investigated. The resultant silica films are characterized with 
respect to their thickness, pore size, orientation and uniformity. 









Scheme 5.1 Reactions pertinent to the formation of ordered and perpendicularly aligned 
mesopores: (A) Acid-catalyzed hydrolysis of TEOS; (B) electrical generation of hydroxyl ions 




5.4.1 Optimization of mesoporous silica film formation 
5.4.1.1 Effect of sol pH. The pH of the precursor sol is important for the formation of 
uniform silica films because there must be sufficient amounts of hydrolyzed TEOS for 
polycondensation, but without a large excess of H+ in solution. The optimum pH is determined 
by maintaining a constant temperature of 25 oC and varying the solution pH. TEM images of the 
silica films formed on the P-ITO substrate surface are shown in Fig. 5.1. At pH = 1.0 and 2.0, 
silica particles (Fig. 5.1A) and a multilayer silica film (Fig. 5.1B) are observed, respectively. At 
low pH, silica condensation can occur in the bulk solution through an acid catalyzed 
mechanism164 and lead to the formation of silica particles.  Since the pH is below the isoelectric 
point of silica, the particles are positively charged 165 and are attracted to and deposited on the 
cathode/substrate. At pH = 3.0, the desired silica films with highly ordered aligned nanopores 
were obtained (Figs. 5.1C and 5.1D). At pH = 4.0 and higher (not shown), no silica film is 
	   56 
formed.  We speculate that an insufficient amount of hydrolyzed TEOS to create a film is 




Figure 5.1 TEM images of silica films formed on P-ITO substrates using precursor sols 




5.4.1.1 Effect of sol temperature. EASA was performed using the optimized precursor sols 
pH (pH 3). Figure 5.2 shows TEM images of the top view of silica films formed on a P-ITO 
substrate. Temperatures of 15 oC and 35 oC (Figs. 5.2A and 5.2C) produced silica films with 
varying pore patterns and domains. The 25 oC precursor sol produced a regular array of 
hexagonally close packed pores across the entire TEM viewing area (Fig. 5.2B). 
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Figure 5.2 TEM images of silica films formed on P-ITO substrates using pH = 3.0 precursor sols 




5.4.1.1 Effect of substrate surface roughness. The relative roughness of ITO, P-ITO, and 
IZO coated glass and heavily doped silicon wafer are qualitatively evaluated by top view SEM 
and quantified using AFM. The SEM micrographs in Fig 5.3 show that ITO possesses the 
roughest surface and that the PEDOT:PSS coating does indeed planarize the ITO surface. These 
observations are reflected in the AFM root mean square values (RMS) of 4.98±0.37 nm (ITO), 
0.96±0.02 nm (P-ITO), 0.08±0.01 nm (Si wafer), and 0.96±0.03 nm (IZO) over a 500 nm x 500 
nm area.  The IZO image also shows the presence of several raised particle-like features which 
significantly affect the peak-to-valley values and thus these numbers are not reported here. 
 
	   58 
 
 





TEM images of silica films formed on each substrate are shown in Figure 5.4. While 
mesopores are sometimes observed in silica films prepared on ITO coated glass, the quality is 
low with considerable pore disorder and mis-orientation. In contrast, silica films on PEDOT: 
PSS modified ITO and heavily doped silicon wafer have hexagonally packed mesopores that 
extend laterally over several hundred square nanometers. Surprisingly, the silica film on IZO 
does not exhibit a well defined array of pores despite its comparable RMS to P-ITO.  The AFM 
image of the IZO substrate surface shows small grain sizes that are not apparent on the P-ITO 
surface (data not shown).  The large tilt angles associated with these small grain sizes and their 
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dense packing may hinder coherent micelle assembly during the EASA process. It is possible 
that substrate surface roughness and the size and density of surface convolutions play an 




Figure 5.4 TEM images (top view) of silica films formed on (A) ITO, (B) P-ITO, (C) heavily 





5.4.2 Structural characterization 
The orientation of mesopores in silica thin films formed on P-ITO and heavily doped silicon 
wafer substrates were characterized using 2D GISAXS.  The results in Figure 5.5 show 
scattering spots in the equatorial plane in the 2D GISAXS patterns of mesoporous silica films 
and are indicative of a high level of mesostructural order in the silica film and a vertical 
orientation of mesopores over several square centimeters.  These spots arise from scattering of 
the (11) and (10) planes of the pore arrays in the silica thin films on P-ITO and Si wafer 
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substrates. The same peaks are also visible in the one dimensional GISAXS traces derived from 
Figs. 5.5A and 5.5B and shown in Figs. 5.5C and 5.5D. The scattering maximum appears at qmax 
= 1.722 ± 0.009 nm-1 and qmax = 1.699 ± 0.009 nm-1 for the mesoporous silica films on P-ITO 
and Si wafer, respectively. From this, the pore periodicities of the samples are found to be d = 
3.65 ± 0.02 nm and 3.67 ± 0.02 nm for mesoporous silica films on P-ITO and Si wafer, 
respectively. Taking into account the hexagonal pore pattern, the pore-to-pore distances were 
determined to be 4.22 ± 0.02 nm and 4.23 ± 0.02 nm. The difference in mesopores sizes 
measured for the two substrates is < 0.5%. The faint rings observed in Figs 5.5A and 5.5B are 
due to spherical silica particles that form on the surface of the mesoporous silica thin films via 




Figure 5.5 2D GISAXS pattern of a silica film template on different substrates (A) P-ITO and 
(B) heavily doped silicon wafer; 1D GISAXS pattern of silica film template on (C) P-ITO and 




The silica films formed on P-ITO and highly doped silicon wafer substrates were further 
examined by SEM. Cross sectional SEMs in Figs. 5.6A and 5.6B allow the various layers in the 
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films to be identified and from this, a growth rate can be obtained.  Using optimized pH and 
temperature and holding the current between electrodes constant at 0.75 mA/cm2 for 10 - 20 s 
during EASA growth resulted in the formation of 100 – 200 nm thick films (growth rate of 10 
nm/s) on both the P-ITO and heavily doped Si wafer substrates. EDX confirmed that the top 
layer was silica. TEM images show that the silica films formed on both substrates have well-
ordered hexagonally packed mesopores that are ~3 nm in diameter (Fig. 5.6C and 5.6D). This is 
in good agreement with the GISAXS pore-pore distance of ~4.2 nm. Uniform mesopores are 
observed when different regions of the 6.5 cm2 silica film are examined. Figure 5.6E shows a 
TEM image of the silica film with a striped pattern that is ~100 nm in length and ~3 nm in width.  
These dimensions correspond to the measured thickness of silica film and the size of the 
mesopores and thus this image is attributed to a cross section view of the silica film. In 
combination, the GISAXS measurements and electron micrographs provide evidence that the 
mesopores in the silica film are oriented perpendicular to the substrates’ surface. The TEM 
images of silica film on P-ITO and silicon wafer in Figs. 5.4 and 5.6 are from different samples 
and illustrate the reproducibility of the EASA process. The high-resolution TEM images confirm 
the quality of the close packed mesopores. 
 
5.4.3 Using PEDOT:PSS to obtain free standing silica thin films 
The ability to form these mesoporous silica films on substrates coated with conducting 
organics such as PEDOT:PSS greatly expands the range of substrates and, hence, novel 
applications. The polymer can be used to planarize rough surfaces and to impart conductivity to 
insulating substrates. If desired, the PEDOT-PSS coating on P-ITO can be easily eliminated by 
calcining at 300 oC for 30 minutes.  This effectively results in a well organized nanoporous silica 
thin film in contact with a relatively rough metal oxide substrate or an insulating substrate. 
Perhaps more importantly, mesoporous film formation on a PEDOT:PSS coated substrate 
opens up the possibility of film liftoff to yield a free standing nanoporous silica film or for direct 
transfer to an alternative surface on which it would not normally be possible to synthesize such a 
film. To demonstrate liftoff, narrow strips of two-sided adhesive tape are attached to the outer 
periphery of a TEM grid.  The grid is then pressed onto the surface of the mesoporous silica thin 
film formed on a PEDOT:PSS coated ITO substrate to adhere and liftoff the silica film only.  
The low magnification TEM image of Fig. 5.7A shows a large section of the silica film 
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positioned on the TEM copper grid. Pore uniformity is clearly maintained as demonstrated by the 
higher magnification image shown in Fig. 5.7B. This film transfer has the additional benefit of 
allowing examination of the pores from the side of the film that was originally attached to the 
substrate and further confirmed the nanopores’ vertical orientation and the interpretation of TEM 
results shown in earlier figures as “top view”. The silica film can also be detached by submersing 
the sample in water to disperse the PEDOT:PSS and sonicating for 90 s at 135 W and 42 kHz. 
The released film floated to the surface and was ‘fished out’ with a TEM grid. Similar results 
(see Supplementary information) to those shown in Fig. 5.7 are obtained.  Again, in spite of the 
unoptimized detachment process, the structural integrity of the resulting free standing 




Figure 5.6 Cross sectional SEM images of silica films on different substrates (A) P-ITO and (B) 
heavily doped silicon wafer; TEM images (top view) of silica templates on (C) P-ITO and (D) 
heavily doped silicon wafer and (E) cross section of a silica template on P-ITO.  Precursor sol 
pH = 3.0 and T = 25 oC 
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Figure 5.7 TEM of silica film after “liftoff” from P-ITO substrate. (A) low magnification image 
showing a small square of the TEM grid (dark straight rectangles) with a section of silica film 





Silica thin films with ~ 3 nm mesopores that are hexagonally packed and aligned 
perpendicularly to the surface were rapidly synthesized on P-ITO and heavily doped silicon 
wafer substrates using an electro-assisted self assembly method. Optimum conditions that led to 
formation of mesoporous films on these surfaces were identified.  TEM and GISAXS confirmed 
the presence of highly ordered mesopores aligned perpendicular to the substrate surface.  The use 
of a PEDOT:PSS layer opened up the possibility for producing aligned mesopores on a much 
broader range of surfaces and non-conductive substrates. In addition to being a nontraditional 
conductive substrate, the PEDOT:PSS coated substrates have the additional feature of providing 
a facile route for detaching and transferring the silica film to other substrates and for forming 
free standing mesoporous silica thin films. 
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Figure 5.S2 AFM images of different substrates (A) ITO, (B) P-ITO, (C) heavily doped silicon 
wafer and (D) IZO. 
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Figure 5.S3 (A) SEM image of the silica thin film on a silicon wafer substrate, (B) EDX 




Figure 5.S4 TEM of nanoporous silica film detached from P-ITO substrate by ultrasonication. 
(A) low magnification image showing a partial square of the TEM grid with a ‘fished out’ silica 
film that is folded over on itself and (B) high magnification image of nanoporous silica film 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
 
This chapter outlines the major outcomes of the research work discussed in this dissertation 
and provides recommendations for future endeavors. 
 
6.1 Conclusions 
In this dissertation, we demonstrated the ability to prepare or separate nanostructures and 
nanomaterials with different size characteristics using multiple techniques. Narrower size 
dispersive silicon nanoparticles were isolated using either organic or aqueous compatible 
asymmetric field-flow fractionation (AsFlFFF). 
Poly-disperse dodecyl terminated silicon quantum dots (Si QDs) ranging in size from 3-16 
nm were separated into subpopulations with narrower size distributions using an organic solvent 
compatible AsFlFFF. The resolution of the separation was tuned by altering the flow rate ratio 
(cross flow rate Vc/channel flow rate Vout) and FFF channel thickness. A Vc/Vout of 16 yielded a 
good compromise between resolution, separation and concentration of the separated Si QDs. 
Fractions collected at different retention time yielded subpopulations that were confirmed by 
TEM to have narrower size distributions, e. g. 3.8 ± 0.67 nm, 5.3 ± 0.78 nm, 6.3 ± 0.82 nm. The 
maximum photoluminescence (PL) of these subpopulations occurred at wavelengths of 650 nm, 
680 nm and 730 nm, respectively. Furthermore the calculated sizes of Si QDs corresponding to 
these PL wavelengths were in agreement with TEM results. Allylamine terminated silicon 
nanoparticles were separated by aqueous compatible AsFlFFF into subpopulations with average 
diameters of 4.3 ± 0.7 nm, 7.2 ± 1.6 nm, 9.8 ± 3.1 nm. These < 10 nm nanoparticles were well 
separated from large undesirable aggregates. The work presented here is the first application of 
AsFlFFF to silicon nanoparticles and the first use of organic compatible AsFlFFF for 
nanoparticles’ separation. 
Chapter 5 discussed the formation of silica thin films with highly ordered perpendicular 
nanopores on conductive substrates that included PEDOT:PSS modified indium tin oxide coated 
glass (P-ITO), heavily doped n type silicon wafer, and fluorine doped tin oxide coated glass 
(FTO). The electrochemically assisted self-assembly (EASA) technique that was employed 
yielded silica films with controllable variable thickness ~100-200 nm. Grazing-incidence small 
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angle X-ray scattering (GISAXS) analysis yielded an ~4.2 nm pore-to-pore distance and 
confirmed that a p6mm orientation persisted throughout the 6 cm2 mesoporous silica film 
samples. A new approach to synthesizing a mesoporous silica film that was detachable from the 
substrate was devised. A conductive polymer PEDOT:PSS that was spin-coated onto an ITO 
substrate served as a planarization layer for successful EASA and subsequently as a sacrificial 
layer that could be dispersed in water to release the silica film. The silica films that are produced 
have well ordered hexagonally packed mesopores that are vertical to the substrate surface. This 
is a particularly important development because it opens up possibilities for synthesizing a 
perpendicularly aligned nanoporous silica layer on a broad range of surfaces and non-conductive 
substrates and producing free standing nanostructured thin films. 
The nanoporous thin films described in Chapter 5 can potentially be used as templates for 
forming nanowire arrays. Ultrahigh vacuum chemical vapor deposition and atomic layer 
deposition were used to introduce silicon and tin oxide respectively, into the nanopores with 
some promising results as shown in Appendix A. Raman spectroscopy, TEM, and selected area 
electron diffraction (SAED) measurements of silica templates after CVD showed a potential 
presence of silicon nanowires inside the silica nanopores. Atomic layer deposition was the 
second method used to introduce materials, e.g. tin oxide, into the nanopores of silica templates. 
After annealing and removal of silica templates using HF, linear crystalline wires were observed 
by TEM, and EDX showed the presence of tin. Both CVD and ALD results are encouraging. 
 
6.2 Recommendation 
In Chapter 3, the size distributions of collected silicon quantum dot fractions are much 
narrower than the original samples, and experimental results displayed the trend predicted by 
field-flow fractionation theory. However, the relative standard deviations in size of these 
fractions are approximately 0.2. Narrower size distributions, e.g., should be possible if a higher 
flow rate ratio (Vc/Vout), a thick channel (w), or a shorter collection time was used. According to 
the theory of asymmetric flow field-flow fractionation82, any one, or any combination of the 
above three conditions can lead to the collected fractions with narrower size distributions. For 
example, using a channel thickness of 500 µm. 
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In Section 3.4.5, we examined the stability of dodecene passivated quantum dots in 
tetrahydrofuran (THF) and concluded that aggregation occurs after 8 days, but it was not evident 
to the naked eye until 21 days. 
Since the optical40 and electronic39 properties of quantum dots, and even their catalysis 
ability24, are size-dependent, FFF could be used to provide guidelines for storage solvent and 
life. Furthermore, studies can be done to determine the effect of size distribution and degree of 
aggregation on the performance of LED and photovoltaic devices, high selectivity photocatalytic 
reactions, and biomedical devices. 
In Chapter 5, nanoporous silica thin film templates were synthesized successfully on various 
conductive substrates and free standing films. However, the use of these nanostructures has not 
been well developed. In appendix A, Chemical vapor deposition (CVD) and atomic layer 
deposition (ALD) were used to introduce silicon and tin oxide inside the one-end open nanopores 
of the templates, while some promising results were obtained, conclusive direct evidence 
showing the presence of nanowires inside the nanopores remains evasive. Other characterization 
techniques that should be investigated include electron energy loss spectroscopy (EELS) or 
atomic probe tomography (APT). The small spot sizes (<1 nm for EELS, atomic level for APT), 
element analysis ability and penetration depth (<1 nm for EELS, atomic level for APT) make 
these two techniques partially promising. Once direct evidence indicates the existence of Si NWs 
and SnO2 NWs inside the template nanopores, these Si NW arrays passivated by the silica 
template matrix would be good materials for photovoltaics devices, while SnO2 NW arrays can 
be used as electrochromic films. Finally, electrodeposition may be an alternate (and simpler 
method) to introduce metals into the nanopores and the resulting nanowire array used as 
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APPENDIX A 
APPLICATION OF SILICA TEMPLATES FOR NANOWIRE GROWTH 
 
In this appendix, the growth of silicon nanowires using chemical vapor deposition (CVD) 
was conducted by Chito Kendrick at Pennsylvania State University; and the atomic layer 
deposition (ALD) of tin oxide was a collaborative project with Katherine Hurst and Chaiwat 
Engtrakul at NREL. Although conclusive results were not obtained yet, the experiments in this 
appendix showed some interesting and promising results. 
 
 




As one-dimensional (1D) materials, nanowires have many unique properties which are not 
observed in bulk materials or nanoparticles, e.g. both quantum confinement and good charger 
transportation only exist together in semiconducting nanowires.166-168 
The unique properties of semiconductor nanowires give them potential applications in many 
fields, from nanoscale electronics169, optoelectronics6 and optical sensors170, energy harvesting 
and storage11, to photocatalysts171. With its high abundance, low toxicity, size-dependent 
photoluminescence and one-dimensional unlimited properties, silicon nanowires is usually the 
preferred material when fabricating nanowire FET-based chemo/biosensors172. Si NWs can be 
synthesized by both ‘top-down’ approaches, e.g. photon/electron lithography173 and wet 
chemical etching174, or ‘bottom-up’ chemical synthesis approaches such as chemical vapor 
deposition (CVD)175, oxide-assisted growth176 and solution-based approaches177. Whichever 
method is chosen, it is essential to control the Si NW diameters in order to observe quantum 
confinement. 
In this appendix, nanoporous silica thin films with vertically aligned pores were used as 
templates to control the diameters of Si NWs and organize their patterning.  In the chemical 
vapor deposition synthesis, silver was used as the catalyst seeds for vapor liquid solid (VLS) 
growth and SiH4 diluted in H2 was the gas precursor source. 
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AI.2 Experimental 
AI.2.1 Preparation of substrates 
A one-side polished p-type <111> Si wafer (B doped, 3-50 ohm-cm, University Wafer, MA, 
USA) was etched in 5% HF solution for 3 min, and then dried in a nitrogen flow. A 5 nm silver 
layer was deposited on the polished side of the etched Si wafer in a non-commercial/lab-built 
thermal evaporator. The silver layer functioned as the catalyst in the subsequent VLS silicon 
nanowire growth by high vacuum chemical vapor deposition. The Ag layer coated Si wafer was 
cut into 2.54 cm x 2.54 cm squares. 
AI.2.2 Preparation of the nanoporous silica thin film template  
The optimized EASA process discussed in Chapter 5 was used to synthesize an oriented 
silica thin film template. A solution was prepared by mixing 0.82g (2.18 mmol) 
cetyltrimethylammonium bromide (CTAB, 99%, Fluka, Denmark), 20 mL ethanol (95%, 
Pharmco Products Inc., CT, USA), and 20 mL aqueous 0.1 M NaNO3 (98%, J.T. Baker Chemical 
Co., NJ, USA) and adjusting the pH with HCl (37%, Pharmco-AAPER Subsidiaries of 
Commercial Alcohols Inc., CT, KY, USA) at 3.0. To this solution, 1.52 mL (1.42 g, 6.80 mmol) 
tetraethyl orthosilicate (TEOS, 98%, Aldrich, MO, USA) was added under stirring, and 
hydrolyzed for 2.5 hours at 25 oC. The Ag coated Si wafer (cathode) and graphite (anode 
electrode) were immersed into the silica sol and held parallel with each other. A current of 75 
mA/cm2 was controlled by a Model 362 Scanning Potentiostat (Princeton Applied Research, TN, 
USA) and held consisted conducted for 10 seconds to obtain a ~100 nm thick nanoporous silica 
thin film.  CTAB was removed by immersing the sample in a 0.01 M HCl ethanol-water solution 
(50:50 v/v) for 30 minutes under stirring and the ~3 nm pores were released. 
AI.2.3 Growth of silicon nanowires 
The silica nanowires template was placed inside the CVD chamber. Reactor conditions were 
at 850 oC and 100 mTorr total pressure with a 10% SiH4 in H2 as the source gas. The SiH4 partial 
pressure was 5 mTorr, and the growth time was 2 min. 
AI.2.4 Characterization of silicon nanowires 
Scanning electron microscope (SEM) images of the silica films were obtained using a JEOL 
JSM-7000F field emission SEM (JEOL USA, Inc. MA, USA) with an EDAX Genesis energy 
dispersive X-Ray spectrometer in TSL electron backscatter diffraction mode. These images 
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confirmed film formation and film thickness. Focus ion beam (FIB) cutting was conducted using 
FEI Helios Nanolab FIB. TEM was conducted on a Phillips CM200 transmission electron 
microscope (Amsterdam, Netherlands) coupled with a Princeton Gamma-Tech prism energy 
dispersive X-Ray spectrometer. TEM samples of ~30 nm thickness were prepared by FIB cutting 
and thinning. 
 
AI.3 Results and Discussions 
SEM images showed the presence of Si nanowires that are ~ 5 µm in length (Fig. A.1A and 
1B) above the template surface. The nanowires has an average diameter of ~ 150 nm and 
exhibited VLS growth as evidenced by the spherical balls of the silver that are present as the 
catalyst on the wire tips (Fig. A.1C). Some wires had a hexagonal shape (Fig. A.1D), which is 
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The thickness of silica templates was 100 nm. Since silicon wires grew at a speed of 2.5 
µm/min in length (which is measured by SEM), it is very difficult to control the synthesis of 
wires at 100 nm in length. SEM images can only give information above the template, but not 
what is inside the pores. Raman spectroscopy has been demonstrated as a technique capable of 
differentiating the diameters of silicon nanowires178. Figure A.2 shows a comparison of the 
Raman spectra of a Si wafer only, Si nanowires subjective to CVD growth on a Si wafer, a 
silicon wafer plus silica template, a Si wafer plus silica templates with Si NWs. The Raman 
spectra of the first three samples had a bulk silicon Raman peak at 521 nm.  The fourth sample, 
which was of the Si wafer plus silica template with Si NWs, showed a peak at 508 nm. 
According to the literature, the diameters of nanowires with Raman peak at 508 nm range from 
2.8 – 3.0 nm. This diameter range is in agreement with the measured ~3 nm nanopores of silica 
templates. The peak deconvolution in Fig. A.2B yielded relative peak areas of 1:20 for the 508 
and 521 nm peaks. The peak at 508 nm suggests that there are some nanostructured crystals in 
the silica template layers of the fourth sample. Although no calibration was made here, the 
intensity of a Raman peak is directly proportional to concentration. Considering the 
maximum100 nm of ~3 nm Si NWs to 5 um length of 120 nm Si NWs, the 1: 20 peak area ratio 
indicates possible amount of ~3 nm Si NWs in silica template layer. 
 
 
Figure A.2 Raman spectra of silicon wafer, silicon wires with 120 nm, silica template on Si 
wafer, and as-grown silicon nanowires with silica template on silicon wafer 
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The Raman spectra in Fig. A.2 suggests the presence of Si nanowires inside the template 
pores, but does not provide direct evidence of Si nanowires inside the nanopores. A cross view 
TEM image of the silica template is shown in Fig. A.3. This TEM specimen was prepared by 
focused ion beam cutting, then thinning to ~50 nm in thickness. Fig.  A.3 showed dark nodules 
arranged linearly in a pattern that alternates with light lines structure. This alternating pattern 
suggests the presence of two chemistries with different densities. Since only silicon and silica 
should be present, it is surmised that this pattern is due to these two moieties. However, EDX did 
not conclusively show the presence of silica, and thus it was not possible to conclusively identify 
the feature as silicon or silica. 
 




Selected area electron diffraction (SAED) is an experimental technique performed inside 
TEM. A SAED pattern is composed by a series of bright spots, in which each spot is 
corresponded to a satisfied diffraction condition of the sample’s crystal structure. So SAED 
patterns supply crystallographic information of specimen. Single crystals have regular spot 
series. The polycrystallined materials have randomly distributed bright spots in SAED pattern. 
Amorphous structures do not have any bright spot in SAED. In this experiment, Si wafer is 
single-crystaled. However, the silicon (if there is silicon) inside the silica template is definitely 
20	  
nm 
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not single crystaled. It can only be polycrystallined or amorphous. In this experiment, SAED was 
used to compare the SAED patterns of silicon wafer and template film parts. Fig. A.4A displayed 
the diamond single crystal structure of Si wafer. Fig. A.4B is a combined SAED pattern from 
both single crystal Si wafer and Si wafer plus template with CVD. In Fig A.4B the six bright 
spots (1, 2, 3, 4, 5 and 6) closest to the brightest center (O) are diffraction spots from Si wafer. 
The spots (7, 8, and 9), whose distances to the center (O) are the same with that of the six bright 
spots (1-6), very possible originate from the crystalline structures of silicon inside the silica 
template since silica was amorphous here because they have similar lattice constants with the 
single crystal Si wafer. This supplies the possibilities of those black line-like structures, which 
are composed by poly-crystallined silicon. The faint ring observed in Fig. A.4B is due to the 









Though Raman spectra, cross section view TEM images, and SAED patterns showed the 
promising possibilities of silicon nanowires inside the nanopores of silica thin film templates, 
there is still no direct evidence that silicon nanowires formed inside the ~3 nm pores of silica 
template. More direct evidence characterizations are needed. Atomic probe tomography (APT) 
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and electron energy loss spectroscopy (EELS) are two powerful tools to measure the elemental 
material compositions at the atomic scale and may provide direct confirmation that silicon is 
inside the template pores. 
 
 
PART II: GROWTH OF TIN OXIDE NANOWIRES BY ATOMIC LAYER DEPOSITION 
 
AII.1 Introduction 
Tin oxide (SnO2) is usually regarded as an oxygen-deficient n-type semiconductor. Tin oxide 
(SnO2), especially its nanostructures, is commonly used in coatings of electrochromic glasses179, 
sensors of combustible gases180, and catalysts for the synthesis of carboxylic acids and acid 
anhydrides181. 
Atomic layer deposition (ALD) is a nanostructure/thin film deposition technique, which 
generally uses two chemical precursors reacting sequentially with a surface in a gas phase 
process182. In ALD, the diameter of nanostructures, or the thin film thickness is only dependent 
on the reaction cycles, which makes the nanostructure diameter or film thickness control accurate 
or simple. 




AII.2.1 Preparation of the substrate 
The conductive substrates used in this work are a fluorine doped tin oxide coated glass (FTO) 
(Sigma-Aldrich) with a surface resistivity of ~8 ohms and dimensions of 20 mm x 40 mm x 3 
mm. FTO substrates were cleaned by sequential sonication in acetone and isopropanol for 5 min 
in each solvent followed by oxygen plasma treatment for 5 min. 
AII.2.2 Preparation of the nanoporous silica thin film template 
The optimized oriented silica thin film process discussed in Chapter 5 was used to prepare 
the silica template. A solution was prepared by mixing 0.82g (2.18 mmol) 
cetyltrimethylammonium bromide (CTAB, 99%, Fluka, Denmark), 20 mL ethanol (95%, 
Pharmco Products Inc., CT, USA), and 20 mL aqueous 0.1 M NaNO3 (98%, J.T. Baker Chemical 
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Co., NJ, USA) and adjusting the pH with HCl (37%, Pharmco-AAPER Subsidiaries of 
Commercial Alcohols Inc., CT, KY, USA) at 3.0. To this solution, 1.52 mL (1.42 g, 6.80 mmol) 
tetraethyl orthosilicate (TEOS, 98%, Aldrich, MO, USA) was added under stirring, and 
hydrolyzed for 2.5 hours at 25 oC. The cleaned FTO (cathode) and graphite (anode electrode) 
were immersed into the silica sol and held parallel with each other. A current of 75 mA/cm2 was 
controlled by A Model 362 Scanning Potentiostat (Princeton Applied Research, TN, USA) and 
conducted for 10 seconds to obtain ~200 nm thick nanoporous silica thin film. .  CTAB was 
removed by annealing the sample at 300 oC  for 30 min in the air and the ~3 nm pores were 
released. 
AII.2.3 Growth of tin oxide nanowires 
The SnO2 films were grown in a flow type atomic layer deposition (ALD) Fluidized Bed 
Reactor (FBR) reactor (NanoSolutions). The reactant source materials SnCl4 and H2O were 
alternately introduced as pulsed doses into the reactor and their doses were separated by inert 
(99.999% N2) purge gas pulsed doses. Deposition took place at a reduced pressure (~ 2 mbar) at 
230 oC. The source temperatures of both SnCl4 and H2O were 25 oC, respectively. SnCl4 and 
H2O were contained in thermostated glass reservoirs and were introduced into the reactor 
through capillaries by means of their own vapor pressure. The SnCl4 was an analytically pure 
commercial reagent from Fluka. The pulse durations were 100 ms for the reactants and 400 ms - 
3 s for the purge gas. Eight deposition cycles of ALD were performed. The post-ALD samples 
were annealed for 30 min in the air at 300 oC. 
AII.2.4 Characterization of tin oxide nanowires 
TEM analysis were performed as described in AI.2.3 to confirm the film formation. 
 
AII.3 Results and Discussions 
TEM images in Fig. A.5 are of the silica thin film template before and after 8 cycles 
deposition of tin oxide by ALD. The nanopore patterns and orientations of the original template 
after ALD were still maintained (Fig. A.5B and C). The higher density contrast of SnO2 
compared to SiO2 (6.95g/cm3 and 2.65g/cm3, respectively), the small black spots suggest that are 
tin oxide. These TEM images do not provide information about whether oxide is inside the 
nanopores. 
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Figure A.5 TEM images of porous silica templates A. before ALD, B. top view after ALD with 










The samples post-ALD were annealed at 350 oC in air to make tin oxide crystalline. The 
crystalline form of SnO2 is resistive to HF etching, but amorphous silica annealed at 350 oC is 
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rapidly dissolved in HF solution. Hence, immersing the annealed samples into 5% HF for 5 
seconds can remove most of the silica template, without affecting SnO2. The TEM 
characterization results are shown in Fig. A.6. Randomly distributed nanowires are evident in Fig 
A.6A. The high resolution TEM image in Fig A.6B shows crystal fringes and the ~2.5 nm 
diameters of the nanowires. EDX (Fig. A.7) shows the presence of the element tin, and a 
decrease in the silicon peak after HF processing. Since the pore size of silica templates is < 3 nm, 
the ~ 2.5 nm nanowires suggests the possibility that the SnO2 nanowires are inside the nanopores 




Figure A.7 Element composition information from EDX patterns for samples in Figure A.5 and 
Figure A.6: (A) after annealing and (B) after annealing and HF etching 
 
 




Though the linear crystalline wires from TEM images indicated the promising possibilities of 
tin oxide nanowires inside the nanopores of silica thin film templates, there is still no direct 
evidence to prove that the nanowires are indeed tin oxide, and that these nanowires are formed 
inside the silica pores. More direct evidence characterization are needed. 
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